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The b eh a v io u r  o f  c o n o r e te  under lo a d  ha# been  o f  I n t e r e s t  
t o  e n g in e e r s  s ln o e  th e  d ls o o v e r y  some f i f t y  y e a r s  ago t h a t )  by  
th e  u se  o f  r e in fo r c e m e n t . I t  Gould be u sed  f o r  o th e r  th an  
g r a v ity  s t r u c t u r e s .  The work o f  numerous e z p er lm e h te rs  d u r in g  
t h i s  p e r io d  has e s t a b l i s h e d  many o f  th e  lo a d  «d eform ation  
o b a r a o t e r ls t lo a  o f  th e  m a te r ia l  under s im p le  lo a d in g  c o n d it io n s  
b u t th e  more advanced problem s on I t s  b eh a v io u r  un der combined  
8tr@ 8s®8f rem ain u n s o lv e d .
The com b in ation  o f  t o r s io n a l  w ith  b en d in g  lo a d in g  i s  
f r e q u e n t ly  e n o o u h te r e d - In p r a c t i c e ,  a s  f o r  eza m p le . In  c o n c r e te  
s t r u c tu r e s  due to  e c c e n t r ic  lo a d in g  o f  th e  m em bers. T h is  
problem  has been  p a r t i a l l y  in v e s t ig a t e d  In  Sweden from  th e  
p r a c t i c a l  p o in t  o f  v iew , by N yland er u s in g  r e in fo r c e d  c o n c r e te  
s e c t io n s  under b en d in g  com bined w ith  a s m a ll  t o r s i o n a l  lo a d ,
A fun dam ental approach to  th e  p rob lem , w hich i s  e s s e n t i a l  i f  
la r g e  f a c t o r s  o f  Ign oran ce  i n  d e s ig n  a r e  to  be a v o id e d , was 
commenced In  1945 by  th e  a u th o r  and h i s  c o a d ju to r  Mr* D\ F is h e r  
B ,8 o ,( E n g ,) ,  A s e r i e s  o f  t e s t s  w ere c a r r ie d  o u t on c ir c u la r  
p la in  c o n c r e te  specim ens under v a r io u s  co m b in a tio n s o f  b en d in g
and t o r s io n a l  lo a d in g *  The o b je c t  o f  th e  r e se a r c h  was to  
d eterm in e  th e  c r i t e r io n  o f  f a i l u r e  o f  th e  c o n c r e te *
T h is In v o lv ed  two d i s t i n c t  programmea = one d e a l in g  w ith  
th e  e l a s t i c  m oduli and s t r a in  b eh a v io u r  o f  c o n c r e te  on w h ich  
a th e o r y  o f  f a i l u r e  co u ld  be b a se d , and th e  o th e r  w ith  th e  
u lt im a te  s tr e n g th  o f  th e  m a te r l& l. The form er i s  r e p o r te d  
in  t h i s  t h e s i s *  and d e s c r ib e s  ex p erim en ts in  w hich th e  s t r a in s  
s u f fe r e d  by  sp ecim en s d u r in g  combined b en d in g  and t o r s io n a l  
lo a d in g *  a s  w e l l  a s  b y  c o n t r o l  speoim ens d u r in g  s iK ^ le  lo a d in g *  
w ere m easured by means o f  a  new and more p o w er fu l method than  
had been a v a i la b le  in  th e  p a s t*  The l a t t e r  i s  d e sc r ib e d  in  
a  t h e s i s  b y  Mr* iP i8 h0 r .
The work i s  arranged  in  c h r o n o lo g ic a l  order*  a s  f a r  a s  
p o s s ib le *  s o  th a ti th e  e a r ly  c h a p te r s  d e a l  w ith  th e  mechanism  
f o r  th e  s t r a in  m easurem ents* w h i l s t  th e  l a t e r  c h a p te r s  d escz 'lb e  
th e  d e t a i le d  t e s t s  on v a r io u s  c o n c r e te  sp ec im en s*  The T h e s is  
i s  p]?esented In tw o volum es  ^ th e  f i r s t  c o n ta in in g  th e  T ext  
and th e  secon d  th e  A ppendix and I l l u s t r a t i o n s  *
The e x p e r im e n ta l work was c a r r ie d  ou t In  th e  E n g in e e r in g  
L a b o r a to r ie s  o f th e  B a t te r s e a  P o ly te c h n ic *  London* betw een  
1945 and 1 9 4 9 . The a u th o r  i s  in d e b te d  t o  Mr* V.G . D&vies* 
B .8 G .(E n g * )f Eead o f  th e  E n g in e e r in g  D e p t,*  f o r  th e  f a c i l i t i e s  
p rov id ed *  and f o r  v a lu a b le  a d v ic e  and G r it ic is m s  d u r in g  h i s  
s u p e r v is io n  o f  th e  work* Thanks a re  a l s o  due t o  Mr  ^ E am ilton
f o r  p erm isBlon t o  u se  h i s  oom pressom eter* and to  &ïr. W ilson  o f  
th e  workshop s t a f f *  f o r  h i s  Go«hper&tion in  im p rov isin g ' 
ap p aratu s under th e  d i f f i o u l t  p o s t-w a r  c o n d i t io n s .
The photographiG  work was c a r r ie d  o u t b y  th e  a u th o r  and 
h i s  c o a d ju to r . Who a re  m ost .g r a te f u l  t o  P r o f ,  F.W . Thom e*  
o f  th e  A p p lied  M eohanics D e p t.*  R oyal N aval C o lle g e *  Greenwich*  
f o r  th e  f a c i l i t i e s  p rov id ed *
The e l e c t r i c a l  ap p aratu s f o r  th e  r e se a r c h  was purchased  
through  a gen erou s g ra n t from  th e  R esearch  Fund o f  th e  
U n iv e r s i t y  o f  London,
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3 IR&Î3J KEASBHœSHTS OH COICKETE
1 .1  ISTRODÏÏGSÏOI?
T h is  f e s e a r c h  was undertaken lu  o r d e r  t o  
I n v e s t ig a t e  & new method o f  ta k in g  s t r a in  m easurem ents 
on c o n c r e te  b y  th e  u se  o f  e l e c t r i c a l  r e s i s t a n c e  s t r a in  
g a u g e s . From th e  r e a d in g s  ob ta in ed ^  th e  e l a s t i c  
p r o p e r t ie s  o f  t h e  c o n c r e te  used  in  s t r e n g th  t e s t s  b y  th e  
a u th o r  and h i s  c o a d ju to r  (2 6 )  w ere to  be  d e ter m in e d .
The m ethods a lr e a d y  In  u se  f o r  m easuring^ t o  a h ig h  
d e g r ee  o f  accuracy^  th e  s t r a in s  o f  t h i s  m a te r ia l  under lo a d  
are  v e r y  l i m i t e d .  T h is I s  p a r t ly  due to  th e  sm a lln e ss  o f . 
th e  d e f  orm ation s g and p a r t ly  t o  th e  d i f f i c u l t y  o f  se cu r lz ig  
a tm lfbrm  d is tr lb % tlo n  o f  s t r e s s  on a t e s t  sp ec im en . The 
coE&ion method o f  o b ta in in g  th e  s t r a in  on a s u r fa c e  I s  t o  
u s e  an in s tr u m e n t w h ich  w i l l  m easure th e  change o f  a len g th ^  
and th en  t o  e v a lu a te  th e  s t r a i n  b y  r e la t in g  th e  r e a d in g  tp  
th e  o r ig in a l  gauge Im ig th , O onversely^  th e  e l e c t r i c  s t r a in
ogauge m easures s t r a in  d l# 0 c t ly o
The m easurem ent o f  t e n s i l e  s t r a in s  p r e se n te d  th e  m ost 
d i f f l e u l t  p ro b lem . The o rd er  o f  m agnitude o f  th e  changes  
in im lv e d  mhy be se e n  from  th e  f o l lo w in g  c o n s id e r a t io n s
The G onorete used  In  th e  s tr e n g th  t e s t s  had an u lt im a te
o
t e n s i l e  s t r e n g t h  o f  ab ou t 300 I b / ln   ^ and from  th e  n a tu re  o f  
th e  33ii% and th e  age  a t  t e s t in g ^  was e z p eo ted  to  have a Young
Æ , A
Modulus o f  r o u ^ l y  4  x  1 0  I b /ln " ',  Assum ing e l a s t i c  e o n d lt lo n s  
u n t i l  r u p tu r e , th e  u lt im a te  s t r a in  w ould be o n ly  7  x  10^^ .
To o b ser v e  th e  b e h a v io u r  a s  lo a d in g  p r o g r e s s e d . I t  would  
th e r e fo r e  b e  n e c e s s a r y  t o  read  & s t r a in  o f  7  x  10* w h ich  I s  
s m a ll  even  b y  la b o r a to r y  sta n d a rd s I f  a l o c a l  m easurem ent i s  
req u ire d *  I t  was a l s o  r e a l i s e d  t h a t ,  f o r  t e s t i n g  p u r p o s e s ,  
sp ec im en s o f  m oderate s i z e ,  f o r  exam p le, 5 In o h es  t y p i c a l  
d im e n sio n , sh ou ld  be  u sed  In  order t o  a v o id  s c a l e  e f f e c t s  in  
th e  c o n c r e te ,  t o  e a se  th e  m an u factu rin g  and h a n d lin g  
d i f f i c u l t i e s  a n d , a t  th e  same t im e , t o  en su re  a r e a so n a b ly  
la r g e  f r a c tu r e  lo a d *
MEœÙDB OF MEASURDTG STRAIN.
A s o lu t io n  t o  th e  problem  o f  m easu rin g  sm a ll  
s t r a in s  I s  t o  m a g n ify , w ith o u t  d i s t o r t i o n ,  th e  change In  
le n g t h  to  be m easured .
The human e y e ,  a id e d  by a m a g n ify in g  g la s s  and f i n e l y
d iv id e d  s e a l® , w i l l  o n ly  d e t e c t  a change o f  ab ou t S x  10 i n .  
There are^' how ever, two o th e r  ways o f  m a g n ify in g  a change o f  
l e n g t h ,  . (a )  by m ce h a n lca l and (b ) b y  e l o c t r l e a l  m ethod
1J5 MECHANICAL MSTEODB.
Ozve o f  th e  o ld e s t  means o f  m a g n if ic a t io n  i s  th e  
m ech a n ica l l e v e r  method* T h is ,  h ow ever, n e c e s e l t a t e s  p iv o t s  
a n d /o r  b e a r in g s .  In  w hich t h a t  f i c k l e  q u a n t i t y ,  f r i c t i o n ,  
a o t8 o  W h ils t  th e  d e g r ee  o f  m a g n if ic a t io n  l a  I n f i n i t e  
t h e o r e t i c a l l y ,  y e t .  In  p r a c t i c e ,  th e r e  l a  a d e f i n i t e  l lm lt o  
By t i l l s  method, th e  ]a a g a lf lc d  movement l e  é b se 3pv@d d i r e c t l y  by  
u s in g  a m lcroecqpe;, or an e y e = p ie o e  ec& le o a l ib r a te d  by a  
m lcrcm eter  8cz*ew«t)ir@ad on th e  In str u m e n t, A l t e r n a t iv e ly ,  
th e  rack  and p in io n  movement o f  a  d i a l ,  in d ic a t o r  may be u sed  
t o  show th e  d le p la o e m e r t  *
T y p ic a l Iz istm m en ta  o f  th e  l e v e r  ty p e  a r e  :«
(a )  The B erry  and E uggenberger Inatz^uments w h ich  m easure  
o n ly  s u r fa c e  movements on . one s id e  o f  a sp ec lm on , and wo2«k 
I n i t i a l l y  on a s im p le . le v e r  m a g n if ic a t io n *
(b ) The B e in g  ty p e  o f  - In o tm m en t w h ich  g iv e s  th e  mean 
e x te n s io n  o f  a apeelm en by a v e r a g in g  th e  movement., a t  two 
p o s i t i o n s  180*  apaj^  by  s im p le  l e v e r  w g n i f l c a t l o n *
An e x te n s io n  o f  the' l e v e r  method i e  o b ta in e d 'b y  th e  %se' 
o f  p la n e  m irr o rs  w ith  a beam o f  l i g h t  a s  th e  p o in te r *  F or  
l in e a r  s t r a i n s  t h i s  r e q u ir e s  - th e  e o n y e r s io n  o f  t h e  U n e a r
d lsp la o em o n t I n t o  a  r o ta t io n  o f  th e  3%lrrora* The In stru m o a t  
l8 p  h ow ever, n o  lo n g e r  a o lf -o o n ta ln o d g  a s  s e p a r a te  G oalea and 
a t e le s c o p e  zm at bo p rov id ed *  The R o lle r  E x ten so ia e ter  
1$3 t y p i c a l  o f  t h i s  ty p o  o f  In stru m en t w hich  works on th e  
p r in c ip le  o f  th e  B a u seh ln g er  In s tr u m e n t, and g iv e s  th e  mean 
o x to z is lo n  o f  a  specim en*
T hese in s tr u m e n ts  c a n , th e o 3 ? e t lo a lly , b e  isade and s e t  
up on c o n c r e te  sp ecim en s t o  m easure th e  s m a l le s t  change o f  
d im en sio n s d e s ir e d  o v e r  gauge le n g th s  a s  s h o r t  a s  one Incha  
H ow ever, e x p e r im e n ta tio n  w ith  them  l 8  a  t r i c k y  and t e d io u s  
b u s in e s s .  One o f  th e  d i f f i c u l t i e s  o f  u s in g  any o f  them  on 
o m c r e t e  i s  th e  method by  w hich  th e y  a re  a t ta c h e d  t o  th e  
su z fa c e *  Two m ethods a r e  u se d ;  one I s  t o  p r o v id e  sm a ll  
m e ta l p lu g s  i n  th e  o o n c r e te  on t o  w h ich  th e  In stru m en t amy 
be olam ped; ' th e  o th e r  i s  t o  clam p tw o m e ta l s t r i p s  aroim d  
th e  o iro u m feren ce  o f  th e  specim en and th en  p iv o t  th e  instrU '*  
m ent on th e  s t r ip s *  B oth  m ethods w i l l  i n t e r f e r e  w ith  th e  
b eh a v io u r  o f  th e  specim en under load *  An a d d i t io n a l  
d isa d v a n ta g e  o f  th e  m ech a n ica l method la  t h a t  a d e l i c a t e  and 
e x p e n s iv e  in s tr u m e n t i s  r e q u ir e d  w h ich  may e a s i l y  b e  dazmgcd 
when th e  sp ecim en  b r e a k s . On th e  o th e r  h an d , t h i s  m ethod  
i s  perhaps r a th e r  more s t r a i ^ t  forw ard  and c o n v in c in g  t o  
th e  m ecb a n lo a l e n g in e e r  th an  th e  e l e c t r i c a l  m ethods t o  be  
d e sc r ib e d  la t e r *
The neasu rem en t o f  t o r s i o n a l  s t r a in s  I s  c o m p a ra tlv o ly  
s im p le  p ro v id ed  th a t  a reaaonab3.Q gauge le n g t h  I s  a v a i la b le *  
Th@ a n g le  o f  t w la t  o v er  a g iv e n  le n g th  can b& o b ta in ed  q u it e  
a im p ly  b y  u s in g  a lo v e r  aim  or  b y  a t ta c l i ln g  m irr o rs  t o  th@ 
s p o o lm e n .  ^
1^4 PREVIGU8 ATTEMPTS BY MEGHmiOAD « m O D S .
3h th e  p a s t ,  th o s e  m ethods w ere t h e  o n ly  ones  
a v a i la b le  and have been  u sed  b y  a number o f  ex p er im en ters  on 
o o n e r e to  in  o o m ^ e ss lo n o  F o r  exam nle$»afwnA^imCGv#wo»'"mK**i*vmw' iuAw#A"-* —* .
(a )  F*B* R ic h a r t ,  A , B ran d taaeg  and R.L^Brown, a t  
I l l i n o i s  E x p er im en ta l S t a t i o n ,  U*8*Ao (4 8 )  in  a  la r g e  s e r i e s  
o f  ex p er im en ts  cm th e  f a i l u r e  o f  con ore  t o  In  o o m p resslo n , 
u sed  4 Inoh  and 8 i.nch B erry  gau ges en g a g in g  i n  th e  c o n ic a l  
s o c k e t s  o f  s t e e l  p lu g s  o a s t  in  th e  t e s t  p ie c e s *  The 
p ro b a b le  e r r o r  o la lm ed  f o r  th e  8 in c h  in s tr u m e n t was a s t r a in  
o f  8  X 10"^^, and f o r  th e  4  I n c h , a  s t r a in  o f  96  % 10"^^*
W h ils t  t h i s  s e n s i t i v i t y  i s  ad eq u ate  f o r  m easu rin g  eo m p ress lv e  
s t r a i n s ,  i t  wouM  n o t  b e  good enough f o r  m easu rin g  t e n s i l e  
s t r a in s *
(b )  A number o f  e x p e r im en ter s  have u sed  ooi^pressom eters  
w orking m  th e  Ewing p r in o ip le  w h ich  o p e r a te  q u i t e  s a t i s -  
f a o t o r i l y  and a r e  s u i t a b le  f o r  c o n t r o l  c y lin d e r s *
In  t e n s io n  th e r e  have been  few  s u c c e s s f u l  d e t a i l e d
m easurem ents o f  th e  s t r e s s - s t r a i n  r e la t io n s h ip s  f o r  c o n c r e te *
eç>6 —
Mr* VoGo D a v ies  (1 8 )  o f  B a t te r s e a  P o ly te c b n lo ,  Lomdon, 
d e s ig n e d  and o b ta in ed  c o n s i s t e n t  r é s u l t é  w ith  a m irro r  
e x te n so m ete r  w ozklng on th e  Ewing p r ln o lp le  f o r  3  i n .  % S In*  
e o n o r e te  t e n s io n  speolm one o v er  a gEuge le n g th  o f  6 In c h e s  @
The p ro b a b le  e r r o r  , c la im ed  was o f  th e  o rd er  o f  a s t r a in  
1 X 10^^ (loG o a 8tr@88 o f  4  l b , / l n ^ ^ .
A*Na Joh n eon (54 ) ,  R*E .E van s( 2 5 ) ,  P au l A nderson(1 )  and o th e r s  
have naod M arten s M irror  Typo G auges,  2 In oh  B erry  and 
E u ggen berger g a u g e s , and 1 In ch  r o l le r - m ir r o r  ^ u g e s  f o r  . 
t e n s i l e  s t r a in  m oasurem ents, and have o b ta in ed  a znmber o f  
v a lu a b le  a tr e a s - s t r & ln  cu rv es»
In  t o r s  Ion  .9 th e  l e v e r  method h as b e ^  u sed  s a t i s f a c t o r i l y  
by n e a r ly  a l l  ex p er im en ters  on c o n c r e te  (B ee C hapter 1 7 ) .
P a u l Anderson ( 1 ) ,  M a rsh a ll and Tembc (3 9 )  and N y lan d er  ( 4 6 ) ,  
t o  q u o te  r e c e n t  e zp er im e n te rsg  have u sed  t h i s  method on gauge  
l e n g t h s  o f  90  in c h e s  o r  more»
ELECTRICAL METHODS
E l e c t r i c a l  s t r a in  gauges have, become in c r e a s in g ly
p o p u la r  In th e  l a s t  few  y  oars»  Ono o f  t h e i r  c h i e f  ad van tegea
I s  t h a t  rea d in g #  can bo tak en  r e m o te ly  from  th e  s t r a in e d  
s u r fa c e  a t  a c e n t r a l  r e a d in g  s t a t io n *  T h is  i s  p o s s ib l e  a s .
In  a l l  c a s e s ,  th e  o b s e r v a t io n  i s  e l e o t i d c a l  and th e  c m v e r s io n  
t o  a change in  a gauge le n g th  can b e  o b ta in ed  a t  a l a t e r  date.
from  a s e p a r a te  c a l ib r a t io n *  T hese gau ges oan bo w d e  t o  
d e t e c t  th@ sm a ll  c t r a ln s  o x b lb ltc d  b y  e o n c r o to , p ro v id ed  
t h a t  ad eq u ate  im d ls tc r to d  e l o o t r l o a l  e ^ p lif lc a t lO D ' o f  th e  
s i g n a l  can bo arranged» The d isa d v a n ta g e  from  th e  m echm nlcal 
o n g iu eo r^ s p o in t  o f  v iew  l a  t h a t ,  i f  a la r g e  numbor o f  gauges  
i s  u sed »  th@ e l o c t r i o a l  equipm ent mmy b®o<mo v e r y  oom p licated . 
and th e  s e r v ic e s  o f  an e l e c t r i c a l  e x p e r t  w i l l  th en  become 
e s s e n t i a l *  The s t r a in  gauges now a v a i la b le  in c lu d e  A c o u s t ic ,  
C a p a c ity  and W ire R é s is ta n c e  t y p e s ,
.1,6'. ŒB ACOUSTIC STRAIN GAmB. (8 . and 17) -
S tr a in  l a  o b ta in ed  i n d i r e c t l y  by  m easu rin g  th e  
change in  th e  fre q u en cy  o f  a to n e io n c d  v ib r a t in g  w ir e  
s t r e tc h e d  boW epn gauge p o in ts »  The gauge I s  i n i t i a l l y  
c a l ib r a t e d  f o r  t e n s io n  a g a in s t  fr e q u e n c y  s o  t h a t .  I f  th e  
p r c p e r t le e  and d lm enelon a  o f  th e  w ir e  a r e  known, t h e  st3?aln  
may b e  c a lc u la te d *
The gauges w ere f i r s t  d e v e lo p ed  b y  th e  German flz%i o f  
E» Malhak and Oo. a n d , a t  p r e s e n t ,  a r e  made w ith  10 cm. and  
6 cm* gauge le n g th s *  I t  i s  c la im ed  t h a t  th e  10  cm» ty p e  has  
a r e a d in g  a ccu ra cy  c o rresp o n d in g  t o  a s t r a i n  o f  6 x  10™G, 
th e  6 cm» ty p e  t o  a s t r a in  o f  15 % 1 0 ™ ,^
In  1934 th e  B u ild in g  R osearch  S t a t i o n ,  G a r s tm , b u i l t  
m o d if ie d  M aihak gauge (1 7 )  t o  m easure s t r a i n s  on r e l a t i v e l y
a»3=s
s o f t  nm terl& la 8uoh a s  b u ll& ln g  sto n o »  Tb@ d i f f i c u l t y  w&a 
th e  cru m b lin g  o f  th e  s to n e  tm d c ir th c  k n i f e  e d g e s ,  b u t th e
Vi
new d e s ig n  m lnlm lsecl t h i s  t r o u b le ,  and r e a d in g s  o f  8  x  lO'  ^
s t r a in  c o u ld  b e  made on a 4& In ch  gauge len g th *
T h is  ty p e  o f  gauge has s e v e r a l  ad v a n ta g es o v e r  o th e r  
e l e c t r i c a l  ty p e s*  F o r  I n s t a n c e ,  I t  h é s  good z e r o  s t a b i l i t y  
and I s  n o t  v e r y  s e n s i t i v e  t o  a l im it e d  amount o f  dasm aess*  
A ls o ,  a s  I t  i s  a  fre q u e n c y  and n o t  an am p litu d e  m easu rin g  
In s tr u m e n t, th e  sy stem  l a  r e l a t i v e l y  I n s e n s i t i v e  t o  s t r a y  
p ic k -u p  and m inor in s u la t io n  f a u l t s *  The gauge would  
p r o b a b ly  b e  q u it e  s u i t a b l e  f o r  u s e  on c o n c r e te  b u t ,  a s  y e t ,  
o n ly  v e r y  l im it e d  s u p p l ie s  a r e  a v a i la b le  i n  t h i s  cou n try*
1*7 TEE QAmClTY STRAIN GAUGE (I S )
T h ese  gauges o p e r a te  on th e  p r in c ip l e  t h a t  th e  
c a p a c ity  o f  a co n d en ser  can be  a l t e r e d  b y  v a r y in g  th e  a ir -g a p  
o r  th e  e f f e c t i v e  a r ea  o f  th e  e le c t r o d e s *  They have been  
made w ith  gauge le n g t h s  a s s h o r t  a s #  in c h ,  b u t  th e y  have  
s e v e r a l  d isa d v a n ta g e s*  F o r  ex a m p le , s p e c i a l  c a r e  m ust be  
ta k en  w ith  t h e  d e t a i l s  o f  th e  p ic k -u p  c i r c u i t ,  and e x tr a  
s p e c i a l  c a r e  i s  r eq u ire d  in  damp o o n d it ic n s *  T h is ty p e  o f  
gauge h as been  r a th e r  e c l ip s e d  b y  th e  a d v en t o f  th e  w ir e  
r e s i s t a n c e  t y p e ,  b u t  i t  may be  u sed  a t  tem p era tu res  and  
s t r a i n s  beyond th e  range o f  t h e  r e s i s t a n c e  gauge* I t s  u s e  
on c o n o r o te  w ould h a r d ly  b e  j u s t i f i e d  i n  com parison  w ith  th e
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w ir e  r e s i s t a n c e  t y p e ,  and th e r e  a p p ea rs t o  b e  n o  r e o e r d  o f  
I t s  u se  f  or  t h i s  p u rp o se .
1 .8  TEE WIBE RE8I6T#GE STRAIN GAUGE (S ee  a l s o  C hapter 2 )
T h is  ty p e  o f  ^ u g e ,  w h ich  h a s become s o  p o p u la r  
in  th e  l a s t  few  y e a r s .  I s  a  t r u e  s t r a i n  m easu rin g  d e v i c e .  I t  
depends f o r  I t s  o p e r a t io n  oh' th e  f a c t  t h a t  th e  r e s i s t a n c e  o f  
a w ir e  v a r ie s  w ith  t h é  m ec h a n ica l s t r a in  t o  w hich I t  I s  su b -  
j é c t ç d »  T h u s, I f  a  w ir e  can b e  p la c e d  In  In t im a te  c o n ta c t  
w ith  th e  t e s t  s u r f a c e ,  t h e  change o f  r e s i s t a n c e  w h ich  o c c u r s ,  
can be  u sed  a s  a  m easure o f  th e  t e s t  s t r a in #  Gauges h a v in g  
an o v e r a l l  le n g th  o f  In ch  and upw ards,  a r e  q u i t e  e a s i l y  
o b ta in e d , and th e  c i r c u i t r y  r e q u ir e d  f o r  r e s i s t a n c e  m easure­
m ent need  n o t  b e  e x c e p t io n a l ly  e o ia p llc a te d  f o r  good  
d isc r im in a tio n ^ , A lso  th e s e  gau ges a r e  r e l a t i v e l y  cheap  and 
h en ce  a r e  e x p e n d ib le *
T here app eared  t o  b e  no  reco rd  o f  t h e i r  u s e  on c o n c r e te  
i n  May 1 9 4 6 , when t h i s  wozk was con tem p lated *
1 .9  SEIEGTIGN OF TEE METEOD CF STRAIN MEASUREMENT
The m ethods a lr e a d y  o u t l in e d  had t o  b e  c a r e f u l ly  
c o n s id e r e d  In  r e la t io n  t o  th e  s t r a i n s  s u s ta in e d  by a  c o n c r e te  
sp ecim en  un d er com bined b on d in g  and t o r s i o n a l  lo a d in g *
T here w ere a l s o ,  th e  m easurem ents on v a r io u s  c o n t r o l  sp ec im en s  
u n d er s im p le  lo a d in g  c o n d it io n s  t o  b e  tak en  i n t o  a c c o u n t .
—1 0 —
The f o l lo w in g  p o in ta  had th o r o f o r o ,  t o  bo h o m o  in  mind : -
(1 ) -  As c e r ta in  m oulds ?fore a v a i la b le  th e  dlm enslgm s o f  th e  
sp ecim en s w ere o le& r ly  d e f in e d  f o r  t h e  t e s t a *
(2 )  The ohangoa in  th e  d im en aion a  o f  th e  speoim ena w hich  
w ould ta k e  p la c e , under load*
(5 )  The n e o o s a it y  o f  m easu rin g  th o s e  ch an ges in  d im en sio n s  
a c G u r & te ly o
(4 )  The o o s t  o f  th e  gau ges and th e  g e n e r a l  .expense e n t a i l e d .
(6 )  The need  f o r  o b ta in in g  th e  s t r a in  a t  d e f i n i t e  p o in t s  on 
th e  specim en s»
The w ir e  r e s i s t a n c e  ty p e  o f  gauge - appeared  t o  o f f e r  th e  
g r e a t e s t  p o s s i b i l i t y  o f  su c c e s a  a t  a r e a sm ia b le  c o s t  a n d , i t  
was hop ed ,  w ould g iv e  S u f f i c i e n t  a ooh raoy  f o r  s o l e n t l f l o  
p u r p o s e s .
At th e  t im e  t h i s  r e s e a r c h  was co n tem p la ted  (May 1946)  
no p u b lish e d  work on th e  u s e  o f  t h i s  ty p e  o f  gauge ."bn. c o n c r e te  
was known* The N a t io n a l  P h y s ic a l  L a b o ra to ry , w h ich  was th e  
p io n e e r  o f  th e  gau ges in  t h i s  c o u n tr y , was approached a n d , 
i ^ i l s t  b e in g  m ost h e l p f u l ,  th e y  e x p r e sse d  some doubt a s  t o  
th e  p o s s i b i l i t y  o f  th e  gau ges w ork ing  on a c o n c r e te  s u r fa c e  
ow ing t o  th e  d i f f i c u l t y  o f  s t i c k i n g  th e  gauge* H ow ever, th e  
N*P»L» k in d ly  p ro v id ed  a few  o f  t h e i r  ^ u g e s  f o r  a p r e lim in a r y  
t e s t ,  t o g e th e r  w ith  & copy o f  t h e i r  p a p er  on th é  ^ O on stru ction  
and Use o f  NePoL. ty p e  s t r a in  gauges^ ( 4 5 ) .
The B u ild in g  R esearch  S t a t io n ,  G a r s tm , was n e x t  
c o n ta c te d  l a  O ctober 1 9 4 6 , and th e y  wer® a b le  t o  show some 
gauges s tu c k  t o  a e m c r e t e  s la b  In  a la b o r a to r y  u n d er  c a r e ­
f u l l y  c o n tr o l le d  c o n d it io n s *  A lth ou gh  th e y  had had l i t t l e  
e x p e r ie n c e  w ith  th e  g a u g e s , th e y  w ere a b lo  t o  su p p ly  a  
w ork ab le  method f o r  p r e p a r in g  and s t i c k i n g  th e  gau ges t o  a  
w e l l - d r ie d  smooth c o n c r e te  su r fa c e *  The problem  o f  a t t a c h in g  
th e  gau ges t o  w et o r  damp c o n c r e te  was d is c u s s e d  w ith  them , aa 
t h i s  was th e  c o n d it io n  under w h ich  i t  was d e s ir e d  t o  t e s t *
(The a u th o r (^ 8 norm al p r a c t i c e  b e in g  t o  t e s t  sp ecim en s a t  28  
d ays im m ed ia te ly  a f t e r  c m d n g  i n  w a te r )»  The m ain d i f f i c u l t y  
i s  th e  w a te r  a b so r p tio n  b y  th e  g lu e  w hich  w ould g iv e  
in a c c u r a te  r e a d in g s  on th e  gau ges*  I t  i s  p o s s ib l e  t o  p r e v e n t
th e  w a te r  b e in g  absorb ed  from  th e  o u t s id e  o f  th e  specim en  by
fu s in g  a s u i t a b le  wax c o v e r in g ,  b u t t o  p r e v e n t a b s o r p t io n  from  
th e  in n e r  c o n c r e te  i s  a more d i f f i c u l t  p rob lem . The 
p o s s i b i l i t y  o f  u s in g  an i n s e r t  o f  a n o th er  m a te r ia l  and  
a t t a c h in g  th e  gauge t o  t h i s ,  d id  n o t  app ear v e r y  sound b u t  
a p o s s ib le  m ethod s u g g e s te d , was t o  remove th e  specim en from  
th e  w a te r  ab ou t 1 hou r p r io r  t o  t e s t i n g .  The sp o t  t o  be  
t e s t e d  co u ld  be d r ie d  w ith  an in f r a - r e d  lamp w h ich  wcuM  a l s o  
d ry  th e  c o n c r e te  t o  a c e r t a in  d ep th  b elow  th e  s u r f a c e .  The 
gauge co u ld  th en  b e  a f f i x e d  t o  th e  s u r fa c e  w h i l s t  th e  h e a t  
was s t i l l  b e in g  a p p l ie d ,  and u n t i l  th e  g lu e  had hardened oj oiTjT
- 1 # -  / .
T h is wouM e n a b le  th e  t e a t  t o  be oaz-rled ou t b e fo r e  th e  
w a te r  began t o  s e e p  b ack  t o  th e  s u r fa c e  un der t e s t .
W ith  t h i s  l im it e d  In fo r m a tio n , p r e lim in a r y  oom presslon  
t e s t s  w ere un dertaken  on a o o n o r e te  c y l i n d e r , The t e s t s ,  
a s  shown l a t e r ,  gave s u f f l e l e n t  prom ise  and encouragem ent f o r  
th e  method t o  b e  fo l lo w e d  u p .
In  v iew  o f  th e  new n ess o f  th e  method I t  was d e e ld e d  t h a t ,  
w henever p o s s i b l e ,  a m eoh an lca l means o f  s t r a in  m easurem ent 
shouM  b e used. In  a d d it io n  t o  th e  w ir e  r e s i s t a n c e  s t r a in  
g a u g e s .  .
Q S  A P ® B S g
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2 .1  H X SrO Bieii S¥R\!1SZ "
' .Th'o disebv e ry  that a  m 
eleçtidç&l zéslstanç® when Sûbjeoteci. 
wae. ssado: over Ghe':.h^dr@d yearé ago. by 
.(Thcæ^àohj -(BB:):#: .' .'The nét-ùtllleé  ^for
etralnj%eaaur#ipnt:,:hW0V0r:,.unt3^  ^
,^../.The:lnvéntl:Gh/0f'thé.modei%hi^
Strain gauge foilow.e% se the next atep. from the qarhon: 
gauge.», .. .The .vlatWr .is. mad^.^  ^up of .# thin f3#t/çarbou. 
mounted on.a .pleee of flexible Insuiatlhg .materlai and 
.ççmçnt'édtb'thertw^  ^ .Etralnof./the't.é^ ^^ ^
.changes'tW length bf the carhw .reslstor,:^
'l,t8..: electrio'ai remiht^  .owlhg; to the change :ln the comtaet' 
présaùro: hotwçèn Its oarb.m partlolë##.,:..^ : % 
works: % the çàmç. prinq,lpi@: as the oarbbn cam he
made to have..am extremely "hig^ .e#a'itlvl%^ r.amd.h0mo'O Is still
: *14* ' "
%fkü88% tàajla 3L8 is&to <)i%S822^1(I3ka:g^  ÇHOBia&ÜdàdSZüadbdbORi,* 
igküfSBOptrBaïa&twsLlgrg 3Li% 8i3j*f83&at jE^Poai idkie iJBdbjSSpgwii; (Sksdrswadbs; od? aljL 
jOdizdbaga 3%o^Kls3i%oüéai S)#-' g%&ifijaag ** isOkGGf a3?ljÈti. <%f* 3%9d*ij8i%aa%<&Gr awasl 
8 reâaotiom &n stBaln # ltb
W88 '0:l88yly.to. re^làee tk# Garlaeo âtril). 
by. 8 motal. wlra,... . W# takèn by 81i#o%8 .(S3) in  5"#b*:
]L9b&()a (&ZW3L SRsuB ïasesl (3jL8jp3c sandl ]0%&tà8gr]LeKP 3kzk <3$i3:ljPd%Z30dL@L
.2&zw3L dl%>3%9Cla%Bk@cL jkggr De IPxüki&jsi; laaadi 'jB&sagGt j[3&0) atswl
(.49'.} g at: ' in.a t itn te  of  ^iTeéhnqlogy ^ .: %e Inventlm
igf8.s .:pat0nt8.a 8.g:^ B;^ '40 » the
.'fo#.G^ng. \dl8 y%- 8train' gange e:ica##8:i8g. a ^  :of'
, ' . . : ' ' '■ ,V ;;, .
.strain .80n@i:t'iT@'.m8téz^ al. aeçmred thrcm^<>n# iW^-aà^eetlTe
.lengtb tb.'^ tn. be raa i^GnGiW tb thereto
i t  "^ aa wrkéted nnàbr' the traae naae
gages:^  ^ by th# Baldwin & li8ael# il8*
:#i@ earlier  types .oonalat#!. of 8 gi^a bondad
between iayera nfva or @®t into,'8 tranaparont
'thermoplastib' reain'i:. :. SGho overall aizo/ tpaÿ./ab 4 Inohes \
:.\long: by .§. Inoh wide by . '0«;O35 inohoe thie%:; . largo and
'el%%Wyooi#ar0d with/^resent typoa,^  :. -
moBTs# TYma Q? GA-gœ
. % ére; b r e  t h r e e  m ain t y g e a  of' W ire r e a ls tm io o
gau ge#  n s b i  . a t ' .. 
The f l a t ,  g r id  .br::: s i.g * g à g  itypé^r/1^  ^ w hloh t h e  f i n e  Wlro 
I n t o  th® .:f o%m .b f  a w i p l M b r  g ig ^ m g  b y  d raw in g  
and:'them' eaaontlng it: on to -the surfaoo of, ni t '  round 
Daper earrlor. whibh o&n:. I t s e l f  h e ooMehtod'';,(«3y tO 'th e  té:
p ap er  o a r r lo r
w ir e
m e .  F 3cruc«3MWMR'WW&Ao3WÆC^ «^A:
. . .  .Th@\AW3^oàn...Bâiiwin. ty p é
has., a é o v e r  o f  . f é ' ï t  . t o  ,provldo^^ from  ..drau#ïts.o:
The.. B r i t i s h  # f  t M #  typ é . { S ÿ  /Tih^s^ and Go^Iitd)
...loavéa. t h e  to p  .a ide o f  t h e  w ir e  ùno#v@]^i. .to: . a l l w  
.s o .t t ln g  of  ^ t h e  .G W # t *,
The wound ty p e  .  In  w h ich  th e  w ir e  iQ wound h e l i o a l l y
,m; m t h in  tu W I a r  pap er f  ormor.f. w h ich  I s  s u b s e q u m tly  propsed  
f l a t f  and. theh' ..sandwiched b etw een  tw o o f  .papor,
j>aper f  ormer
p a p e r  c a r r i e r
l^ a d .8
_.m%:.&^.. R M d T y p e : B t r à ln - ( ^
. .. :ThlB .method b f  manuf a .o ture wW doveKbpOd .by t h e  ^ ^ à tlm a l  
P h y s ic a l  .Bahoratory.'-i^^ %Û41 (.P atent no.*660' '^B6.O;:. 194B)
and. . i s  .now .mad.0 / oionhtry bÿ:^ ^^  B r i t i s h
Th0rmo'8tatG;o.'&. a n d -R o to ly liW .,:  ,
I t s  a d v ^ ta g e ..o v e r  ty p o  (.a) .1# .thaty. ..dtib t o  à  o 'lo so r  
..a llow ab le  ..pltoh...::W.b w ir e  o sn  b e  inolndO d, !W'. & o  
t h o  .same-, s  180; o f  .g a ^ o  th u s  . ^ t l n g  a  M ghOr\'g^ roslstanoo.Q  
...lOn. the. o th e r  ikmnd.^ .. t.ho -ga.ugo .la  s t i f f e r  ..àhds%
' .^ypO'. .(.h)' .and the. - oçmozi.t w i l l ,  'bake longor:'.'W  d^y W t *.
.The wovoh tyW . in: w h loh  th e  ooverod  .w ire  f o a a  th ess6ai*ynte#ww*i#i5i.'be»icv>w**AiH»*i«»-2
w e f t  w ith  th e  o f  a  t o r t i l e  e .g o  r a y o n . Ü h o  gauges  
bou ght in  W ]]c in  t h e  fozm  o f  a  r lb b o n .a n d  th e  d e s ir e d  
r e e lo ta n e o  I s  o b ta in ed  b y  O a tt in g  o f f  a  s u i t a b l e  i e n g t h  Of 
th e  r ib b o n . The m ethod o f  m anu faoture was in v e n te d  b y
%  #623^64%) l a  May X04S.«. 
^agapem t W  arrangem ent f o r  @ltW0h±ag tW : le e d a  m  tb@
B r i t i s h  ( le la n e .# . gangh-*- - ' '
o o v e r e l ^ l r e  v ê f t
U
i \
Rayon WarP
# tr& ln  (gangs.
0 f  ; g&ngs: ï@ lia Ita : in fw io y ^  a é  t W  m a zk éta b ls  
f  ozm ha.8: ..only j n a t  hoeW roaGhéd;,, %t hag; tb »  a&iyantaga o r o r  
th e  O ther t 3# e a g  In  t h a t  I t  w i l l  a l l w  x^nlok n e t t in g  o f  t h e  
..oemeQt:p a s . . th e . a i r  w i l l  h e . a h le  t o  @7a]p:0.rate th e  aol^em t 
..eaally.g. a n l i t l a  r e r y a m c  - ,
2*3
$hé i^a^er p a r r le r  ty p e s  ( a )  and (b ) a r e  a t  
ijpresent t h e  m eat oommon and w ere th e  o n ly  t y p e s  a v a i la b le  
When th im  r ea e a re h  was s ta r te d *  E en oe  d e t a l l é  o f  t h e i r  
m a te r ia ls  o f  e o n s t r n e t io n f  an& t h e  e e l e o t l o n  o f  aneh  ganges^
3hltlally.i^^^a h eavy  s t i f f .  w
p a p er  was. n a #  to . a c h ie v e  good ..Incnl&tlmL. W -W e^  th é  w ir e  
and . th e  t e a t  a n r f  Ace.». I t ' W a  s  r e a l i s e d  tb&t^ I f
t h e  .paper hàa. & W .^  modnlna .o f eO m s-tiolty# .la r g e r  f o r # # ,  
than: a re .\n eo e# sa iy '..a re  im posW  :(m. thO glhe-^ eaW ln g . i t  t o  
f a l l  at. -. & l n  p a p e r s  h a v in g  a
. io w er  m eoh an iea l. : C troh gth  . e i t h e r  -a t h l a  r i c e  ' p ap er  .o r  . 
. f i l t e r  .paper c:OA#i#ten.oy a r o  n w  w e d  (^ e e  .% eory o f  Oporatlxm  
.of a, .^ traih . ^ n g 0 #rOhept@rv$)^ ,
( i l )  .. The W lré ' .
.The: w ir e  w é d  .la  .o f  a s  s a ^ l l  .a d ia m e ter  a s  "O.an, h e  
. ç o n v e n len t:ly  h an d led  ÿ a s  t h i s  g iv e s  a  la r g e  çiro:W2'é3reno.e t o  
, area l r a tio ;  whl.oh m lnlm laes: t h e  sh e a r  a t r e s s  r e '^ lr e d  in. th e  
a.dheslve; f .o r a .  : g i# n  :$traln^ .^ ^^ ^^  iGhé é l^ o . nor!m âll . '
.O.e.OGl 'inohes. diim%@t^  T h is  I s  t o ê  f i n e  f%;r .easy  d i r e c t  . 
QçnneGtlim t o  th e  h e a v ie r  w ir e  le a d s  o f  t h e  r e c o r d in g  s e t  s o  
t h a t  .eh.ort h e a v i.er  I n t c a e d i a t o  a tr ip , .or i# r e '  lea d s» - n s n a l l y  
o f  t in n e d  nlckel'4:hrome^f^^ e a s e  o f  s o ld e r in g »  a r e  apot^. 
w eM ed t o  th e  f i la m e n t  d n r in g m a n n fa ç tn r e .
The a e ie o t lo n  o f  th e  m oat à n l t a b le  m e ta l f  o r  th e  ^ n g e  
w ir e  h as been  th e  a n b je e t  o f  mnoh r e se a r o h »  (2 ^ ) Z t was 
m by. I # #  .% elvln B akerlan  Pg^er d e l iv e r e d  tO' th e
a 'w ir e . o f  ./W m  wire.'
o f .ir :.#  h f  th e  g # e .'s is $ .a n d  .shape» s n b je # :^  to  .# ie  same 
letraln.ÿi m i# fe re i.d iffe re n t, nhamges. in  resietancevg Zn 18?T 
{Temlina oh. .showed t  o th e . R o ya l. 8o o ie ty  . that.' ; th #  re e l stand e 
oh&hge: ooomrring when a w ire  .iS;. atraihW i^j l é  gré^ than 
th a t .to hé- expooted f.rcim tW  ehange o f Çh%é:.:: : (4 n a ly ti'é a l 
:e%planati:On . aeé Alg*endi% Zn l6 8 $  Gkpay-deaerlW l to
th e  .Royal 8ooi.ety o f E d in b n r^  h lâ  ea0eriw nts\..W : th e  e ffe e t. 
.o f  e la a t io .  and; .p la a t ie  e ld h g a t io n e  .on OOpper#' .4®z%#n s i l v e r »  - 
and Iré h »  % d  fohhd .d e fin ite  inereaaeK in. reâl@t'=
4no..e: w ith  àtrain.»: - p iffe re n  jmy'.-WierefÔZN^  ^ be .e^eoted
to  show d if fé r e n t  reB latanee a t r a in  s e n B ltlv ltle é :. dep^^ 
t h e i r  p a r t io n la r , ra te  o f v a ria tio n  O f sp e .o lfle  rea la tan o e  
w ith  atrà.ln .;(B ee %Q0hdl% :I,» % .g* -%  i c  so has
'.b.e.en..#%o%i re.oontiy' fo r  a- la rg e  nmober 'lOf .poéaib'iW^ e tra ln  
ganga m etals, b y  .pe P o r e a t  and led eim ah  Tà.b:le 2*1
*»20*
jG m prox.aom posltlon
% r a in
S o n s it i  
Factor fo r
Mlokel. .Purç: .w
,I#ngànih ' B#£îts>l^&j:4î&îl 4" ■
?h08phor , 
Brcmsc ■ 'i ' 1«9
Monel 1^9
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4. ^.SeS
Platinum 1 4. :1 J 6 . 0
.0 *^1 .S e n s i t i v i t y  o f  (^ f fO r e n t  M atcrlala':
De f o r e s t ,  and ,Ijcàêzm (2 0  ) "
The., reason fo r  the-, depondonoo of bn
/the stra in  la  ac':Sbt}'é^ pr6hl#:'&n/&0'' t^  of
:%aert%&]Lsr9 ' - '  ^ : 'v/-;.;  ^ .
,.:6a .s'eloctihs the. material, .for the 'gauge%Wirb»: Oloarly .as 
high .&: çtràin' .aGh8lt$''^%' fa c to r  as posalb lo-.is for
: ease o f W t .other factora- which
neGeasitate a G,03#romlse*,: . For o&m#le .;«= (a ) -the m aterial 
must be easy to  manufacture Into a e p e c lf lc
resistance must be h l ^  so  that a u fflc lé n t wire may be 
incorporated in  a reasonably small space to  ^.vo a
sig n a l gauge, i s  strained .. The
sig n a l must W:/large.:/enough s:o that I t  w il l  n o t ihe swm^ed. 
hy .sligh t. 'GlrcUit Ghangos» .e..*g.e. thermo o*m.f ^ s»- rosistanom  
Ghanges- .in tho. loads'», otb' #;» and large enough so  th a t the. 
:% pllfi,oation. 'rçguirôd: is-not- so:' great th à t tuiaWldahlO: 
(^ stbrtion;..is ih.troduo^ (c) the tempeipaturo! cO effiéle^
.of ré@1.8t.an0:O shohM as low .as p:oasihlO: .to m ^im ise heating  
troublos.* ' ' ..
For s% tiG. woiK. (..i,@:.6 th e moasnremont o f steady .strains 
nndor' lo a d s)»- whçro a. low tgm#.oraturo ooofflolon .t of-
rea ls tanoo i s  most iw o r ta n t owing tlmo of foot»  the 
^ t e i i a l  ohosén is . éithor' Ad or former
is . popular .with American' mannfaaturors-.':#^ ^^  ^ low-
.tompera.turo. .c.oeffi:qi^ -of rosistano.o.
wheroa.s B r it is h 'mahùfâ.ùturors:.prof or Miohromb^f^ a lth o u ^
.it . has . a. higher . t##o.ra.thro çooffi.o ion t . (.say.YO'^  ^ 10'*'%or y 
i t  a.lso, ha.s.. .a. muGh : hi.6h@r speoifiÇ:- rosis.tànoe .and :is 'oasl-er 
tofa.briG.ato*'. I. ' . .. .^^
( i l i .)  The. ..RoBistanG.o.'* -
The gaugo'S ar0. no2mially .:Of\r@si8tanGOs .'fr(^ W 'to 2.5G0 
.ohms*... .Dr;*, F  ^ .Aughtio ..(5) s ta te s  th a t * t^horo IS: .no .primary
ftmdamental fa o to r whioh Inflnonoes th e oholeo o f reslstanoo^o  
There is »  however» an optimum ra tio  o f gaugo reslstan oe to  
in d icatin g  instrument resistsm oo fo r  mazlmim power to  W
su p p lie d  b y  th e  s t r a in e d  gau ge f a  t h e  Inatzum ent."
The Inaulation leakage lim its  thé upper .reslatanee 
value to. be Wed» and In addition» h l^  roslstan oe gauges 
o f short lengths, (say. 1 in.bh) » w il l  have bbnsidersble widths» 
(say ^ inch)» and honco w il l  bo. more'; a m o it!w  to  .oroas 
s t r a in s . (8o@ c r o s s  e o n a l t i .v i t y  B ara .v ll»^ ) .; The' cosrt 6 f  a  
.high roslctancQ. gauge w i l l  alcp be higher#
The gonci% l pr& otlc.o i s  t o  ce .lo .c t h ig h  roa istan O e' .
(2000  .ohm) gau ges i f  a  h ig h  r e s i s t a n c e )  .Ind icating.. In etiR m en t  
(C egf a ca th o d e  ray  o s c i l lo g r a p h )  l a  b e in g  tmed» and a low  
r o c ls ta n o e  .(200  ohm) - fo r  a  low  r e s i s t a n c e  i n i l c a t l n g
Inatrtm G nt (0 ,g * . a. ga lvah om otcr) i n  o rd er  t o  rem der  
. o l r c n i t  . s o n a i t i v i t y  a s  n e a r  ' pptlmmi^^ (.éeé: O ir c n it
$ o n a itiv ity » .0 h a p t@ # '& )6 : . - -r,':; - :
.2S<
e  H â. P S E H S
m s  K ssîttîfies ®  œ s  seepatx®  a? as
ELEeSHICAI, EESISSASCB SfE&ÏS Sâ-ÎTSS
' Qÿ' ».L
t  s tr & in  and s t r e s s  d ié tz d b u t lù a  In
ment# o f thé jo in t hetwaen the parent atralned  
surf&o@ and the gauge wire Is  oo%le%» âs I t  dépénds » not 
Only on the o ti^ in  trismemlsslon hetwéen the strained  murfaoe 
and the gauge paper'Aoarrler» but a lso  on the tranemlealon 
between the p&po]!*ÀGarrl@r and the gauge wire*
The method of tranamlssloh f  rom the parent strained  
surface to  the gauge wire depends on the method of manu« 
facture of the gauge* The operation o f the two main types» 
the former wound type and the f l a t  2lg»aag type ÿ are 
dlsGUGsed se p a r a te ly *
3*2 OP s m B o ia
. ’ ■ .
M aterials.: ' ' .
E, ^  Young.^ a . M odulus o f  E l a s t l o l t y  . Gf . t h e  ma
/O f  th e  p arlen t auz^ace.^^
E. 9  Ypung^a M odulus o f  R la a t iG it y  o f  th e  im t o r là l
. , o f. th é  .gauge paper*
L  -  Ybung^a m odulus o f  R l& a t io lty  o f  # o  m a to r la l
- . o f  th e  Wire.*
G =  ^ h o sr  M odulus o f  E l a s t i c i t y  o f  th o  a d h o slv e *
uoomotry.:
.4. -  a%lal.'l@ngth .of gauge .paper carrior*
= a x ia l length o f gauge wire»o
-8" f: Width o f  gauge .paper oarrior*.
yt = . .thlGknosa: o f the gauge paper oarrlor*
D - .  diamotor .'of .tii® gaugo wir^ ^^
X a  thloknoaa of the adheslvo from the parent surface
to  the .gauge- paper*..
X thlokaoas o f the adhesive, from the eurfaoo
 ^ .to the wire*. - .
X T dlstanoe of the element oonsldered from mld^length
of the gauge*.
^traîne.(A%ÜKé=%aw*r*fK=«5iza ■
e -  milform a^ ial stra in  m the parent smrface*
, ■ '  ■■■
^  %» a x ia l stra in  In the paper carrier a t dletanoe^z'
' f  rom the mld«i@ngth .of the gauge.*
S t r e s s e s
e .  a x l a l  s t r a ln  ln  th e  w i r e a t  th e  d ls t a n e e  x
from the mldl length o f  the wire *
0  s: s h e a r  s t r a in  In  th e  M h e s iv é  a t  dleW noe^X*
from mld«;'lehgth of the gaiige*
%  -  a p p a r e n t  ahe&r; s t r a in  in  th & .à d h e s îv e  a t  th é  ^
âhÿfape /of wire a t  diotanoe^i:^ frem th é ,
. mi#=*length 'C^  thé gauge,#hére'K' i s  a oonétànt
/s  d irect longltiM inal strese  a t the parent ampfaoet
^ , s  . dire.dt longitud inal à tréss ih  the :paper o a rz iér  - 
 ^ . atldlatanoe^z^ from the mld'al@@^ gth o f the
8f&h35G .
gauge w ir e  a t  
éh g th  o f  th e  w ire*
o s: sh e a r  s t r e s s  in  th e  a d h e s iv e  a t  d ie tan oe^ k *
from  t h e m id ^ le n g th  o f  th e  ga u g e .
. . -  average , s h e e r  a  t r e e  a" I n  the- a d h e s iv e  \arouhd t h e  
w ir e  a t  dlstaziGé'% ^ from  th e  aaldw length o f  tht
V A. EL.
Mg ^  /ÆiLK
.26.
SES m siD  ASSmK’ïŒ S = 5?OF«D3R W0TOB5 TÏÏS #  GA¥®
In  the former wound typa &é gauge the w ire i s  , 
fir m ly  bonded Intb th e  paper carrier wbibb» in  th e  
type of gauge» iaaa four tblGkn0a8o& of péper (see skotoh bo3.ow)
. Wire Winding 
■ ■ / _
//
Paper
FIG* 3*1 Wound ty n e  o f  S tr a in  Gauge<n^C3gtfa?ia^ra»ii««fcfc;xatsasgw-* ‘ "■
I f  t h e  s t i f f n e s s  o f  th e  paper o a r r ië r  i s  la r g e  compared 
w ith  th e  3 t i f f  he#  8 o f  th e  w ir e»  a s  l a  th é  c&se i n  gaùgea  
h a t in g  o n ly  a few  e tr a n d s  o f  w ir e  i n  a  tr a h s v e r s o  a r o sa  , 
a e o t i m  i ^ o u ^  th e  gauge» th en  th e  f  o i l  w i n g  a im p llf  le d  
a n & ly sin  w i l l  a h w  t h e  d i s t r i b u t io n  o f  s t r a in  i n  th e  p ap er  
c a r r ie r »  and th e  v a r ia t io n  o f  sh e a r  streB a  in  t h e  a d h ea iv e  
a lo n g  th e  le n g th  o f  th e  ^ n g e .  _
A t y p i c a l  gauge w h ich  m ee ts  t h i s  re<3.uirement i s  th e  
200 ohm B .T .G . gauge o f  1  In ch  e f f e c t i v e  gauge l e n g t h ,  T h is
ha# a p p r o x im a te iy  f o u r  s tr a n d s  o f  1 /1 0 0 0  in c h  d ia m e te r  
ilichrom o w ir e  i n  a c r o s s  s e c t io n  t h r o n g  th e  gauge»
.SMr- I
Frcm the fo llw ln g  figu res»  a rough ca lcu la tion  shows 
the ro ia tiv e  s t if fn e s s  o f paper to  wire to  W about 10.
Or os à s e o t i o n . a r ea  o f  w ir e  % .3 x  ,  .
C ross s e c t io n  a rea  o f  p ap er  «  6 X lO ^ ^in^ .
E f o r  m ch ro k a  wl3?@ , «  .3 7 .S x'lO ® I
B f o r  a c e t a t e  im pregnated, p ap er 2 x  10^ lh / in ^ * ( 3 2 )
The m ethod o f  th e  f o l lo w in g  in v e s t i g a t io n  depends on 
th e  under<=mentionëd s im p l i f y in g  a ssu m p tion s :«
(h) There i s  no shear s e t  dp in  the gauge*
(h) There i s  no tensitm s e t  UP in  the adhesive*
( c )  T here i s  a u n iform  s t r a i n  on th e  p a r e n t s u r f a c e .
(d ) The gauge I s  o f  u n iform  S t i f f n e s s  th rou gh ou t i t s
ILeng s^ki*
T hese a ssu m p tio n s e n a b le  a ^ s tr a ig h t  l in e ^  s t r a in  v a r ia t io n  
diagram  t o  be  o o n s id e r e d . The r e s u l t s  o b ta in ed  show th e  
n a tu r e  o f  th e  v a r ia t io n s  o f  th e  s t r a in s  and s t r e s s e s  » th e  
e x a c t  v a lu e s  b e in g  in c o r r e c t»  due t o  t h e  assu m p tion s*
5^4
CoÀsii&er th e  gauge t o  bë 8t%ek i m if  o c ^  a lo b g  
I t a  le n g th  t o  a t e a t  e n r fa o o .
B e fo re  S tr a in
Gau^o
A d h esiv e  -— y  
T eat S n rfa eo
S ig n  C onvention
— ^ f  îve 'x ’
FIG# S ,S  L m g l t i s l in a l  B o o tlo n  throngh  Gai%go
Î
l o t  th e  t e s t  sn r fa o e  be g iv e n  a  im lfo rm  t e h a l l e  s t r a in  0, 
i n  th e  lo n g i t u d in a l  d i r e c t io n  o f  th e  %  nndor
th e  asen m p tlon sg  àn e lem en t o r i g i n a l l y  o f  w id th  
dlatanoe *%' f  ro^-' thé. -mlcl«=longth of th e . ; ^ 11- be -
d i s t o r t e d  a s  B h # h  - .
clxO-te^ J
A fter  S tra in
Gange
A d h esiv e
% lfo 3 m ly  S tr a in e d  WxCn-e
T e s t  S u r fa c e
F ig  5 .S  ](Slement In  S tr a in e d  C o n d itio n
- 8 9 -
(feugatawr S^~.rato
(î + e ,)d x  -  (l ■*■ e ^ d x  “
: ■ • e, - sa M .\éx
But  ^ "“ 3  whore 0 C = Shear Hodulns, trfBO th a t  0; — A  . A, 
*c C
.** »
^ la g tlQ ity
S tress  in %>arùnt su rfàco =? E| ©,
Strosa In  gauge %>ap@r & sa h \
@6 th a t G; "" sa Æ —
Er
&  :—
Em ee ' Bqm * ■ S »S. «î Eg,n ♦ 3
&  *m. is as &  .1»
E, 4 dx C
D if f o r o n t ia t ln g
.2
But 4 l î  a  O ’oy  th a  R ssiiisp tloa  o f  m i f o m  sfcraijj 
(kt .
t i ia t  »  *™ . •* •
C E j. a(x
, a
p i a .  3 .4
I f  6^"' = ^ id ,th  o f  g à % 0 , th on  m eg leo tln G  th e  foiM o In  th e  w ir e  ;
S^.t.-ir -a ^ .frJ x  ~  (fe  + < |^a) C.-È-. =  0
8 % b 3 tltn tln g  In  Eqn, 5 .5
>  C
^ ® ' • • •  % s .5 .4
■ f
o r & \ 4 : t • Ï
0
o
,  Bqn # 5 ,5a^agiVt^ CTcanfrtittfCtf^ stit»
General so lu tion  of th ia  equation 1$ %»
(? =  -t- B e  ' where
f a '
S olv in g  fo r  the cm stants 5LaLsa%ROiAiA2azis%«j%%f
(a )  From ^  & X
A e +  B e ' V  æ - A e  ~
L
z.
Eenoo  
D if f e r e n t ia  t in g
A
A  A  -  B
■ ■ j ............................................................... » «>:«
A Y A*. 3^a  m ,A  f  e  4"
(1% \
S u b s t i t u t in g  In
- v \ '
4  -  «s: A .
W -
Cb) Afc X “  I& ,
H escs
À C e ,
X, ( e V  4-
from  Egp# 5*6
l@Op S M a r  8tr@G$ In  açü iea lva  i@ g i? e a  b y
' Miwr.*uw»w«rMi«wyrt»rt m,x
m,
A laoÿ su b stiW ^ i n g  i n
e.
X; <>0^ *3^3
m »: «a ». ( •«
X# c @
1 »e., 8 t r In gauge pa;per o a z r la r  l a  g iv e n  b y  :«»
m.
<x%A
w here %« =& c ,\E;
. 5 .9  may b e  from lb % »  +  ^
to give the tb ta i  ésctension o f the gauge p e ^ r  fo r  a given
p a r e n t  s t r a i n  a s  fo ild w a  :«#
f I ¥-coo^
% ta l Eztonslon o f Gauge ^
a j  e .^d%
=: a . etc a . ■
o'" , (T m,&
^  Z e t 4  _
■ n  ■ ■ 
L. 0; .AÔhj) Ü^L
t  ■ At,
: 2
F rov id ed  th a t  %^a
iz: '
:=  ^ b lo se l;^
Z. "2.
s o  t h a t
Total {8%tonaiom of Gauge
p a p er &)m,7 » «  •  -WW&A »  “W «
A verage S tr a in  In  Oaugo =  0 , |  I — _
V  m X , « * Fqn » 5 $13Wirariff^vwi Wi#mOxmKM*WK&K^
,53.
5 . 5
S W àr S tr e e a  % r la t l(m  In  th e  A a h e s l%  
a lo % , tb.^ 3ûenp:th o f  tb o  h& ^p
ThXB t'B g % tm  bÿ* 3wS, ;#» ' ^
M/r^h m^x
X
©iBh o w %
X
F I ^ . 5 c 5  l^ o a r  s t r e s s  m r l a t l o a  l a  A dhe6l?o a lo n g
%r s t r o à s  a t  any p o in t  a lo n g  Üio le n g th  o f  th e  gange
% 1 1  depend on th e  w i n e  o f  M,
w here m
X;Eg,t
At the ends, of the g m g ^  x  §jt. ^ and i f  Is
" : % %  
larger than may 5? ( I t  l e  shcmi In Pàr&i 3#14 that th is  i s
n e w lly  the oaae#)
^  <>ooA very G loeely.
shear s tr e ss  ih  the adhealve ^  :& C e ,
e u b s t l t n t l n g f o r  m,  ^ ^  ==^ e ^ y Q ^ t
Henpey I n  o rd er  t h a t  th e  im zim im  sh e a r  s t r e s e  In  th é  
a d h e s iv e  f o r  a g iv e n  s t r a in  s h a l l  be aa s m a ll  a s  p o s s i b l e  ^
t h i s  b o ln g  d e s ir a b le  i f  t h e  a d h e s iv e  I s  n o t  t o  b rea k  doma 
nnder low  s tr a in s ^  :*» - ,
F o r  gango (a )  E ^ à n â t  m ast bo a s  s m a ll  a s  p o s s ib le *
F o r  a d h e s iv e  (b )  C w s t  b e  a s  s m a ll  a s  p o s s ib le *
X, m ust b e  a s  la r g b . a s  p o s s ib le  *
F o r  t h e  gauge In  te n s io n ^  a s  shown b y  'the. sh e a r  s .t r e s s  
diagram  FIG*. 3.*Sy f o r  g au ges havl.ng à  -large  ,  th e  ends
c a r r y  m ost o f  th e  sh e a r  lo a d  g s o  t h a t  i  t  l a  m oat l i # o r t a n t  
t h a t  th e  ends sh ou ld  be  w e l l  g lu e d  down* T h is  I s  d l f f l e u l t  
t o  a o h ie v e  a s  th e  n a tu r a l  ten d en o y  I s  f o r  th e  gau ges t o  o w l  
%  when damped w ith  a o e to n e  f  o r  th e  a p p l le a t lo n  o f  th e
l8d%l€>8jlTfg>,
B* Joh ee  (583y  o f  th e  R*A»B* F a rn b o ro u ^ y  s t& te e  t h a t  
a r e d u e t lm  In  th e  s e n s i t i v i t y  f a o t o r  o f  th e  o rd er  o f  00^
. .«ana- . .
may b# escpeeted fo r  a gang® o n ly  stu ck  down o v e r  th e  I m g t h  . 
o f  th e  w lro  Gomp&red w ith  a  g a u g e  s tu o k  down o m # l o t e l y  a v er  
thç: w h ole  ion g th ^ :. . .
% e c o n tr e  o f  th e  gauge y In  w h ich  th e  w ir e  l a
s i t u a t e d  g l a  t h é r è f  ore r e l a t i v e l y  m ilm ^ ortan t f o r  ta k in g  th e  
sh e a r  lo a d , and h i^ o o  Im p e r fe e t  a t i c k in g  h e r e  w i l l  h o t  aèr^louè<* 
l y  a f f e c t  t h e  B e h e l t l v l t y  f a c t o r  In  te h a io h f
F or  th e  gauge i n  coB ^ resa lon y  u n le s a  I t  l a  w e l l  atuok  
down GTor th e  o e n tro  p ortlcm y  s t m t  a c t io n  may O ccur. S e n c e ,  
f o r  th e  gauge t o  work e q u a l ly  w e l l  In  h o th  t e n s io n  and  
co li^ reB slony  I t  sh o u ld  bo s tu c k  down o v er  t h e  o m e l e t e  le n g th  
o f  th é  p a p er  hacking:»: -
I f  th e  gauge ixsipor^oarrler i s  v e ry  s h o r t  s o  th a t  
l à  sma l l  g t h #  th e  d l s t r l h n t l  on o f  sh e a r  In th e  a d h e s iv e  I s  
a s  shown b y  t h e  d o t te d  c u rv e  i n  FIG# 5^5# P e r f e c t  s t i c k i n g  
1@ th e r e f o r e  more im p o rta n t f o r  a s h o r t  gauge th&n f o r  a  I m g  
gauge i n  te n s io n #
5 «s
,36 '
DBDîJCEl'OîîS
îh ls  îs  # v s a  by Espi, 8»9 :
®e ( l «OwR
T
008b onrvo - ; - ^
JSst.
F i a ,  3 ,0  S tr& ln  V a r ia t io n  a lo n g  le n g th  o f  g&ngo.
O <|. o #Gyl
« _  STb@ tran sm itted  s tr a in  0^  ^ depends, on th e valno
o f Sbfz
z
less than Ip  then
f »
« I f  la  smallg 
"CoùA == < 0 6 %  ^ and th e  ma%lmmi*0 ^ 1 s  v e r y  sm a ll
Gompared w ith  0^^ 4 $h e v a r ia t io n  of th e  tr a n sm itte d  s t r a in
w ith  th e  len g th ' I s  a s  s h o w  b y  t h e  d o tte d  on rve  In  t h e  above
diagram^
l e  la r g e *  ea y  g r e a te r  th a n  ,6* t h m  x o ^  ÏÏsJsr 
IS: v e r y  la rg e* , s o  t h a t  I s  n e a r ly  e # a l  t e  &
. ■ l a  s m a l l .  T h is  r e s u l t s  in  %% alm ost, c o n s ta n t  
s t r a i n  b e in g  tr a n sm itte d  to- th e  p ap er  o v e r  t h e , e e n t r a l  
s e e t i  cm o f  t h e  l e n g t h  o f  th e  gauge * where "th e . wir® sh o u ld  
b© s i t u a t e d  * a s  shown in  P ld ,  3»6   ^ fh e  m axim m v a lu e  o f  
w i l l  th en  b e  o n ly  s l i g h t l y  l o s s  than  th e  p a r e n t s t r a in  
' c /  * and a s  shown in  e q u a t io n  th e  a v era g e  s t r a i n  In
f  ' ^  ■
■the gauge w i l l  bo c l o s e  t o  th e  v a lu e  6 , $ ' H ence in  o rd er  
t o  .ob ta in  a  h ig h  e f f i c i e n c y  o f  s t r a in  tr a n s m is s io n  *))«% *
m nst bo la r g o .  % l8  rog,nir@#
 ^ r.h
Eg/ and t  s h a l l  be (m a il  a s  p e s s i b l e
^€l s h a ll be a s  la r g e  a s  .p o s s ib le
? o r  a d h e s iv eK3s««oi»n*Mfeaa^su
f
C s h a l l  bo a s  la r g e  a s  p o s s lb lo  .
■ X, s h a l l  bo m  sm a ll ab p e s s l b l e .  ■ 
The f o l lo w in g  f ig u r e s  f o r  some eom m ereia l gau ges escàmined 
show how t h e  req u irem en ts  f o r  (a  ) a r e  s a t i s f i e d .
M annfaot'arer
R e to l»
B aldw in Southw aik  
B r i t i s h  % 03m o0tat Go* 
H.PoI,*
Papercaarofeivvvfiag»
Thin r l e e  p ap er  
H eavy r i c e  p ap er  
F i l t e r  p ap er  
B akeX lsed p ap er
T h ie to o s s  of.
firm-# l'iMxaswîîffrfüarwJBVTa.': i>
0 » 001 in c h e s  
0 ,0 0 3  In o h es  
0*006 In ch es  
OoGOS in c h e s .
•'33'”
ft- *»
The v a lu e s  f o r  Kodulw^E/^ f o r  t h e  p ap ers a r e  mot
3mown* ancl In  any  e a s e  th e  v a lu e  would depend on th e  h u m id ity ,
f  n .
3ome rough t e s t s  b y  th e  a u th o r  I h d lo a te  th a t  th e  o rd er  o f  
I s  50*^000 I h / in ^ .  However* a s  th e  p ap er  I s  th o ro u g h ly , 
s a tu r a te d  w ith  th e  a d h e s iv e *  I t  may he assumed t h a t  I t  
p o s s e s s e s  s im i la r  m eoh an loa l p r o p e r t ie s  t o  th e  a d h es iv e*  
o .g c  E 3% 0 ,9  x iG ® lh /ln ^  f o r  o e l l u l ù é e  a e ê t a t e  cem ent 
(E.R* ^bnos) (3 3 )  . %t W i l l  h e  n o t ic e d  th a t  t h e  c o n d it io n s  
r e q u ir e d  o f  th e  a d h e s iv e  f  or  h ig h  e f f lG le n o y  of: @t^^ 
tr a n sm is s io n  a r e  in  d l r e o t  é m t r a d lç t lo n  t o  th^ ^^  ^ r eq u ire d
f o r  th o  h e s t  s t r e s s  c o n d it io n s  In  th e  a d h esiv e# ; The 
G o n d ltlo n s  u s u a l l y  tak en  a r e  j u s t i f i e d  a s  fp l lo w s
B x p er len o e  h a s  sho^m t h a t  a o e l lu lo s o  & oetat e  a d h e s iv e  
g iv e s  r e l i a b l e  w o ik ln g*  s o  t h a t  t h i s  l a  h o im a ily  u s e d ,  The 
v a lu e  o f  V l a  th u s  acG eptedo
The th io k n e a s  o f  th e  a d h e s iv e  f l im  I s  d i r e c t l y  un der  
th e  c o n t r o l  o f  t h e  o p e r a to r  and* I n  o r d e r  t o  a c h ie v e  a s  h l # i  
an e f f i c i e n c y  a s  p o s s ib le *  th e  th ic k n e s s  l a  made a s  t h in  as  
p o s s i b l e  o A norm al th ic k n e s s  I s  ab ou t 0 ,0 0 5  i n c h e s ,  The 
r e d u c t io n  In  th e  maximum s t r a i n  w h ich  can b e  tr a n sm itte d  by  
th e  a d h e s iv e  due t o  th e  th in  f l M y i s  h o t  u s u a l ly  a  d isadvan tage,
3 ,6 ,2  O reep In  th e  a d h e s iv e  rnider lo a d  w i l l  m er e ly  a l t e r  
th e  s t r a in  d i s t r i b u t io n  a t  t h e  ends o f  th e  p ap er  c a r r ie r *  so  
th a t*  p r o v id in g  th e  p a p er  e x te n d s  w e l l  beyond th e  gauge w ire*
T*59 «
th e  W  r e l a t l v e l y  tm & ffeo tsd  * T h is
tW  remarkalDîe f  r 0 0 <l(mi f  rom h y s t e r e a l s  and, oreop  
obtaizzod In the e lo c tr lo a l reeiatanoa moasnremonts* The
th e  le n g th  o f  th e  ^ag^er, th e  l e s s  w i l l  he  th e  e f f e o t
3 .6 .3  G .onsldlerlng e q u a tio n  3*11 z-K» -
A verage s t r a in  I n  th e  gange o e r r le r  »  A  — \
From t h i s  I t  may hé se e n  th a tj, f o r  a g l v ^  v à ln é  o f  ,  th e  
., a t i^ .ln ' sensltl.vlty^^.d^^ gauge, w i l l  h e  s m a lle r  f o r  s h o r t  
.gauges than f o r  lo n g  ones.»
Ih  a d d it io n  y th e  le a d  on th e  w ir e  w in d in g  w i l l  c a u se  a 
l o s s  o f  s e n s i t i v i t y .  T h is  w i l l  have m ost o f  f o o t  on s h o r t  
g a u g e sy h u t a s  th e  I n c l in a t io n  o f  th e  s tr a n d s  t o  th e  
, lo n g i t u d in a l  a%ia o f  th e  ^ u g e  I s  v e r y  sm&Hy th e  e f f e c t  w i l l  
h e o f  th e  8.e.cond. o r d e r .
3 T m m m i88 ioN  PRcm T m  PAmR cAmaER
  ;----
Î 0  03ÎE v a # . .  ', • ,wti8aeiiy»ga»jaBMwriitTCTittyig»y!^jyCTg«3Jt^ e»-,
The f  oim er wound gauge h as th e  w ir e  a t  two 
l e v e l s  In  th e  d e u th  o f  th e  p a p er  c a r r le r  and I th e r e f  ore y 
t h e o r e t l o a l  a n a ly s is .:  o f  t h i s  problem  w ould he.: .om ^  
v' Eowevery i t  .la  r e a s o n a b le  t o  su p p ose  t h a t ' t h e - d ia t r lb u t lc m  
o f  s t r a in  a lo n g  th e  w ir e  w ould obey  a  s o  t h a t
long, gaugos: o f  f W  .w indi^  may be expected-. t  h ig h e r
m tra in  s e n s i t i v i t y ,  th a n  s h o r t  , on es M v ih g ,W n y ' ^
5 .8 : F
: JLJ.iJIif Xü nii «5,i,w-:ji <»
F or. gau ges In  w h ich  th e  la . s :p p reo ià h iy
th e  p a p e r  c a r r ie r  i t  I s  p r o h s b l#  th ^ t  ^  a s  &s t l f f e r  th(
f i r s t  appro%ima.tlcn,^.: th e  e f f  c o t  :of th e  p a p er  can he. n e g le c te d  g 
and th e  s t r a i n  tr a h a m ls s lc n  may b e  c o n s id e r ^  : t o  h e  s t r a ig h t  
.through from  th e  .parent su rface: t o  thè/i#_rë.»l.'-".
A n 'a n a ly a ls  f o r  : t h i s  typo: ^ o t r a n a m is s lo h /fo r  .w ire  a t  
on® l e v e l , l 8  g l v ^  'ih. th o  fo llo w i.n g  8eotl:0n  'on;:th^^
.:3ig^zag ty p e  o f  .gauge». ' .
5c9  m s  m a iq  A a a w P T im e  -, piAT 2iG«.zAe Ti?E OFj,i   ^. '■ . ..L .   :   .:. ... —... — — . , , . -.4. »^— —— — , I
/
■«^gtatlttag»3»FÆag»iW«aLJtmt>8ma>gto «n rw»»*acaww;
In  th la
h e lh g  .B m t/ln  a .v layer  o f  a d h e s iv e  on a - a la g le v .t^ O k n e e s  o f  a
Ig G auge.
The s t r a in  tr a n s m is s io n  ssn u en ce  I s  th u s  from  s tr a ln e c l  
su r fa o c y  through  a d h e s lv s  t o  paper and t h r o n g  a d h e s iv e  t o  
th e  w ir e .  The s i n g l e  l e a f  o f  paper h a s ,  h ow ever , a  low  
s t i f f n e s s  compared w ith  th e  w ir e  s o  th a t  a s  a  f i r s t  approx«  
Im a t lo n , th e  o f f  s e t  o f  th e  pap er may h e  n e g le c t e d ,  and t  
t r a n s m is s io n  betw een  t h e  p a r e n t  s u r fa c e  and th e  w ir e  may 
assumed, t o  he th ro u g h  a  u n iform  medlim*
. The f o l lo w in g  s lz n p llfy in g  assu m p tion s a rc  made :»
( a )  , T here i s  ho  s h e a r  i n  th e  gauge w ir e*
(h.) There i s  ho  t e n s io n  s e t  np th e  a d h e s iv e .
(e.) There i s  a u n iform  s t r a i n  cm th e  p a r e n t  s u r f a c e .
(d ) The I n f lu e n c e  o f  n e ig h b o u r in g  w ir e s  I s  n e g le c t e d .
T h is I S ' j u s t i f i a b l e  a s  th e  d i s t a n c e  betw een  w ir e s  
i s  o f  th e  o rd er  o f  40  d ia m e te r s  in  norm al gauges .
,,{.8:} The- w ire 'IS : c o m p le te ly  \e3b.eddèd.'ih^
3 .1 0  lŒiOmTICAI,
S t r a la  from  Paremt iS^rfaom t o  W ire
Gom sM er t h e
I t s  le n g th  to  a t o s t  sn r fa o o
t o  h e  sttEok y W lf orm ly a ltm g
B of ore  S t r a la lnj?
S ig n  G onvontlon
t h r o n g  Gange.,
I ^ t  th e  t e s t  8 % rface be g iv e n  a  nmlfozsa t e n s l l o  s t r a i n  6 ,
i n  th é  lo D g l t u l lz ia l  d lr e c t ic m  o f  th e  g a u g e .
An .elem ent o r lg ln a .l ly  o f  w id th  .d lstan .ee  ^  frm a
'
th e  mid « le n g th  o f  th e  w ir e  w l l l j ,  under th e  aa s im p tl ona BmdOj^  
b é  a s  shown 0 f o r  th e  a c t io n  o f  th e  a p p lie d  a t r a in  l e  t o  p u l l  
th e  wlre^ o u t .o f  t h e  a d h es iv e ..
A f te r
s t r a in in g .
(U(i+es) A c tu a l d i s t o r t i o n  ourve o fa d h e e lv e
Wire
/
A verage Shea:^—t — 
S t r e s s  «=* <g ^ ^
.5.@9 E lem ent In  S tr a in e d  Q éh d ltlà n
A d hesl ve  
% lfo r m ly  S tr a in e d
» t  S u rfa o e
e%=&:arawaüü:ow%*j3«;A?.:K5üa
I 4- ©, f* ©.3 /
a: a v era g e  sh e a r  s t r e s s  arotm d th e  w ir e .
and d e f in e
where
V
a Qongtan'D ct@'
Shear modulus o f adheBive
so  th a t "'ô T~ .JL& . _&z.
B la s t lo lt s r »
..Stress, i n  p a r e n t 8urfao.i n? =: P
3 .1 9
S.iD,re& gauge wlré: =
so th a t e,
hon .
£
Jia
3  « 19 = Bo n * 3 ,1 3
Eqn. 3 ,
a
cbc
.@ziue O
.2
0
Ic3 2 :z
d x -  KC
« ®. » ® 3 «14
Lim o f  E l u e n t
D3.a . D
\  h
F ie .
# -. irJ>‘
3 Æ % . ttD . d x 4 .)ÿ 0
3. 0 © <t
Eqn.» '5 @14
D B
4  d!x 
=  0
&© geh@ rai a o ln t lb n  t o  t h i s  e l a t i o n  I s
A ClIïÿX .«. ■•«•îï’âÿtC
^3 zz A 6  -f. 5  6  ^@3?®
In, a  .s im ila r  tio th a t: ^Lven i n  th e  ^r@vion@: . a n .a ly s i8  o f
'tii@"'P.oaè.r'Wo^ .g&ngo,» o o n sta z its  oan "be
..Using ;* . -
: ' aaS =" 0 " . .  a t
A W rage B b earln g  .îâtrosà  
i n  a{%b@8lV0 a re im é  w ir e
.s t r a in  i n  Gang®. Wii*©.
A verage In in
1
cotm
%»: «. «
e ,
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3 .1 1  DEDDCTima /
are  ? e ry  B.lznllar t o  th o s e  f o r  th e  
Former Wonnd -gange». and. th o r o fo r e  w i l l  bo. d iso n 'sso d  o n ly  
b r i e f l y .
..She a r  . s t r osis. v a r ia t io n  In  th.o . atlheGi'ge ,a lo n g  t h e  le n g th
.o f , tho.. w ire ... . . -
As' In  th e  tr a n sm is s io n  t o  t h e  p ap er c a r r ie r  In  th e
p r e v io u s  a n a l y s i s t h e  she&r s t r e s s  v a r ia t io n  . f o i lW e  a
.^slnh^ ourvo % l^th m&xlihim v a in e s  a t  thé. .ends o f. th e  w ir e  o f
G; I f  ÜSgf). l e  la r g e r  th an  3 .  .Hence th e  dmnort-*»
V. 4..A^ .2 '
an ce  o f  .p e r fe c t  s t lp k ln g  a t  th é  ends , o f  th e  w ir e  t o  a v o id  th e  
.breakdown.'Of th e  a d h ea lv e  a t  low  otralnQ :.
.To- en su re  a- low  maximum sh e a r  ''s tre ss  w i l l  r e q n lr e  :«
F or  . gauge and^D -to b e  -as -sm all a.a p o s s i b l e .
A d h esiv e  X ^ to  b e  a s  largo. a$- poos-ible.*
'^C^t.o b e  a s  ' sm all.. aa p o s s ib l e  .
f % ■
The v a lu e  o f  K »- w h ich  w i l l  -'be a fu n c t io n  o f  th e  w ir e  
d ia m e te r  and the' th lck n ees: -.of t h e  .ad h esive  ju sh o u ld  b e  a-e 
.-sm all. as. .p o ss ib le »
3 . 1 2  DBPnG'flOES'
S tr a in  va r ia t io n  a lo n g  th e  le n g th  o f  th e  w ir e .
The s t r a in  v a r ia t io n  f o l lo w s  a th e
p r e v io u s  .a n a ly s is .
The avapage s t r a i n  In  t h e  gauge w i l l  b e  h i p e s t  when
Ü k6 f%. &  i s  l a r g e ,
a  ■ LVD EaX^
Tbla r e q u ir e s  th a t  %«=
fy_? f  a- $
F o r  G auge. D  and. Lt .rf^hall he  a s  sm a ll a a u o sa lb le# .
s h a l l  b e  a s  la r g e  a s  p o s s ib le *
F or  A d h esiv e  C s h a l l  b e  a s  la r g e  a s  p o s s i b l e .• «mc:=ra:7ir%sa*tA4Mr«:T:,w,^ (WK*a%Mcww(»:;*» •
f  \  Î
. . .A  ^ s h a l l  be  a s  s m a l l ,a s  p o s s ib le *
..%&::value of'K^ #hould..b^ ^^ ^
- I t  . w i l l  b e  .8.een :tW#^ ^^  ^ oom prom lso I s  a g a in  .^required betw een  
th e  tran sH iiB sion  e f f l o i e n o y  and th e  m inln#R Sho!&r s t r e s s  
.© .onsiderations:,.
3 . 1 3  EXPBRmmmL DATA FRm  OmmERaiAl BEmES: GAWGBS■^rTTr'--:T>^‘'-'iia'f*‘Tr-rrTaTr-rr»;i-i-^A- \rr ,,,-T-',,«.^'^ \:_!jMr*Mün*c.rm'-iwcz=aacggS=ca
To t r y  t o  e s t a b l i s h  th e  v a l i d i t y  o f  th e  
e q u a tio n s  p u t forw ard In th e  theory^  the.- /dat&\;':giveh in  
T a b le  S o i  a s  obtained^ from  th e  Maker^s .o& taloguéSg was 
a n a ly se d *
• «4V
3 . 1 4
Prom éq u a tio n . . 3 ,1 7  f o r  tho. F la t^ G r ld  ty p e  o f  # u g ,e
%  ~  { i —  - & - p  V
'dB :' ■ '
B ut Sq =; _A_ Where 5q .:= s t r a i n  8 é n s i t l v l t y  o f  th o  
^, . , . ** gaugO: ^8 m easured ..
. r. ' dS ' '  ^ ' ^  ' ' .
^  =. _Æ. w here ^  B tra ln . S O n s l t lv l t y  o f  w i r e . .
%
. . H enoe ^  ^
%  .
So tfeat Sq =  S ^ / |  _  _ â ^ . y
I f  th e  th e o r y  l e  co rro o t^  b y  p l o t t i n g  & graph o f  ^S/ a g a in s t
I  ■
-]r . f o r  a s e r i e s  o f  gau ges o f  th e  same typOj^ .# s t r a l^ L t  l i n e
c u r v e  sh o u ld  r e s u l t  * The ln t e r o e p t  o f  th e  graph f  o r
-  i n f i n i t y  g iv e s  th e  v a lu e  and th e  s lo p e  g iv e s
' &§K. from  w h ieh  may he- fomid*-
. ' . - : :: %
. .g s % r a .
Two s e r ie s '  o f  P la t  Grid typ o  T in s le y  (%uges. a r e  8.ho%i 
p lo tte d , ip  Graph S o l»  and i t  ean he r o a d i iy  se en  t h a t  th e  
s t r a in  . s e n s i t i v i t y  'of t h e s e  gau ges dooa vary  .aeoordln.g t o  a 
law  o f  th e  form  shown by  th e  th e o r y .
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From Graph S » !
S .E , Gauges 
From %paph 
% d ^ z D ila r ly
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fMg »*
E '3 7
pB«MwgmiiiipiiPtmaLLq>^
8 ' l o p 0  o S  c a r v e
=  2  X 8 ,3 ?  X 0 ,1 2 47*AW9*WB:^*m*aRafMWRWSW*aWW#t*MU9MWK«We»:l*OK3a;tWa
a
0 .^ 7  mm.
^ 3. #59■ewaaaMWtioyts»'
a  19
M?g 5? 1*42
m i.
%#" For thç chortost gaùgea ' ^  .8  %m
H ence E k fs 1—'v— aweffié^inwM tgaf
. & ma#
ahcl Ü h j) ,
' 1 .4 8; - ws*ga ' «gaUmWMRKa»
■ 2. : i.sm
a  ^ gauges
.2 -
^  I s  th u s  j u s t i f i a b l e
r  '
The assumptidas made In the a n a ly s is  th a t
< 0 0 ^  mip-ë
2# To pbtaliT an estim ate  of th e valW  o f the conetant K*<X«SUi»*vi«6»
From, the a n a ly s is  m.
tntt£tf*eî»arsraeMMÆt«7}
«BO*»?
T&klng th e  f v a l u e s  f o r  th e  qumit i t l e s  In v o lv e d  t=
D s  0 .0 0 1  iâ é h é s
^ 57*5 X 10^1b/ln.'^(Eor W lisqn iS B ) f o r  Nlchromo W ire) 
:= '0».OO4 I n . fo r  g&ùgç t  O.OO^'^for low er adhesive  
=: 0*008 i n .
. C = 0,:3l .x .l0 % b /ln ^  f o r  a c e t a t e  ( i . e .
value f o r  E -== :0A*2 x lO ^lb/in^ .. E.R*. Jones (32)
=: i.59/m m ..
f. 9
^ u b s t itu t lu g ^  K f= 1 .8 2  w h ieh  I s  n o t  an unreàsona'b le va]lU
5 .  The Baldwln=8outhwark 3R'®4 gauges are n ot #d@  In the
.F la t  Grid type,., .helow ^ Inch In length» and thé' va lu es g3
'
fo r  th e  s e n s i t i v i t y  f a c t  ora. f o r  d ifferent...lengths: are n o t  
:a u fflo l.en tly  aocuratè. to  stand, analysis,*  . HWeVer». th e  values, 
do show the expoe.ted .reductlcm fo r  the .ehort ..^  .
.4.:*./. The r.éaulW  fo r  th e  s e r ie s  o f  Baldwin «.Southwark 8E=4 
:h@ll.eal wound, .gauges are p lotted ' In ' G r a p h . - a  sim ilar' 
...manner. to  th a t  used (f or th e F la t  Grid
A s t r a i ^ t  .lin e r e la t io n s h ip  Is' not^'r.eyealedy In d ica tin g  
th a t I s  n o t  a ..6.onstant f o r  ..the s é r ié e .  . Kowever.» thl.8 i s  
n ot .une.%peqted» a s  th e  meohanlsm o f ..o.peratlOn. .of t h i s  type  
of gauge is .  very oomple%@ and the .G cm struatlon-^y  
to  vary With d if f e r e n t  gauge len gth s owing to  mamufaoturlng 
d e t a i l s ..
G H A î> a; E K 4:
æa®. sEiECîïOH es? . « s .  ®xra m m m  m s is a m o s  s s e a ih  gabœ;
TO BS ÜSED II- SiB AÜTHGRSS TESTS.
4 .1  ®ÆSS At®-crexs .
TW f i r s t  gauges used by thé author on CGnorete 
w ere obtained as samplea from the . Theao .wero of tholr
oim manufaeturo ..and Were th@r@fpr.o o f  the h e llp a l wound, type# 
As those worked s'atief ao to r ily  in  the preliminary tea ta» the . 
Gcmiorolal oquivalent , was sought fo r  use In further t e s t s  #.
.Tho.BrltlshThomiost&t. Co., m&nuf&.otur@ a good range of 
gauges of rkhis. typo.»-although the . paper oarrler has a. weaker 
-meohanlcal strength than the original' 'N#"?#!,..-' /.^ugea';# ' Gauges 
from th is  oonroe were used throughout thl's: héËlGs of Jexpori" 
meats.#
The f l a t  grid typo- of gauge was eonsidorod for  the work, 
but H# Tinoley^a gauges were rojooted on the grpmzds of 
'general ' fllm sln ess » and.' the American Baldwin-«8o%thwarlc 8R»4 
gauges were v ir tu a lly  unobtainable in  th is  oonntry#
. . .
. The length selected  was' the .general purpose 
1 in* gauge length» . Bearing.in mind the .sis,® of the conoret© 
specimens- to  . ho teeted.» It. was thought that th is, .length weald ' 
give a. su ff lo lé n tly  .loqal- stra in  measurement», that Is»  i t .  
could .be considered .-as the stra in  a-t a point even onder stra in  
conditions which, varied s lig h t ly , over the .length of the. gauge* 
Also» as- thé nazimum also  of thé aggregat.e. was. §  Inch» there - 
was a go.od ehan.oh .thàt the gaugo would .cover .à. »i)0.pr@S0ntative 
se lec tio n  of the m-atcrials making % the concrete» and so 
record the mean strain- .of the. surface.#... = .-
. - ' -'.(hi this.-, topic:-:en: In terestin g  paper by- Blims- and.
%..&-* Mygind (9-) appeared rodently-.#- -% .cçé.crete. specimens
made with d lfforon t s lso s  of-aggrG.gato:». a. nmiber of
wire resistance stra in  .gauges of d ifferen t lohSths- we-ré 
placed end to  end.*. The to ta l, stra in  as- r@bOrd.dd by these  
gauges, was. then checked against that recofded by one long 
gauge su ffering  the -same- overall strain-, ; .Thé.--.ma%lmâm error 
involved in each,case: was. then p lotted  agsizis.t-the aggregate 
.'Size and. the graph, overleaf produood*
a:
• aqqreqate SIZE (w a)
. ^ ' .
. FIG* 4*1  Bznerlm eiits: b y  Biams- and Mygincl#*!î^tx=ajtxwtzyT.6iy.x%f>i«d3t.ii::Y5r3 ^
% fortU D .a.kely t h i s  work I s  n o t  s t a t l s t i c a l l y  Gomplete 
.and. th e  cu rv es  ob ta in ed , a r e  .ra th er  I d e a l i s e d  from  a few  
s c a t t e r e d  r e e u lta ... However», th e  l a  th a t» , - w ith
th e  '$ I n .  e l s e  aggregate- .used In the. .aûthôr^â'- t e s t s ,  w ith  a 
1 In *  .gauge, le n g th »  the- -maximum .error  w ould  b e  o f  - the- o r d e r  
o f  16#.. ■ , , :
An a d d !ti-o n a l .p o in t -In th e  se le o t i-p n  of" a ..gauge: l e n g t h ,
. l a  th e  - r e l i a b i l i t y  o f  -à  b a tc h  - o f  gauges -of a. g iv e n  p a t te r n .
a s . reg a rd s . t h e ir  s o n é l t l v l t y  fa.o.tor# G&uges o f  .1 .in* .gauge
le n g t h  have b een  fou n d  t o  'he v e r y  r e lia b le ,» , h u t  w ith - v e r y  
gauge le n g t h s .».. th e  r i s k  o f  o b ta in in g  v a r ia b le , stral-m
s e n s i t i v i t y  fa c t .o r s  In erea ses ..
,5 4 *
B a la n e in g  thé: req u irem en ts f o r  a l o c a l  measure^
a g a in s t  r e l i a b i l i t y » '  the- l . l n *  gauge, le n g th  seem ed t o  
a f a i r  o.omproM.8#..-
/ !  ' s RBSISTâSGE<MecyrTMiiaMirtvt.<i.%tirtaaj.yapBfaswnK» •
Two g e n e r a l -v a lu es o f  gauge re8lét%G^ ^@ were:
, » th e  '2;000 ohm. gauge m d  th e . 200 ohm' .gauge.*.. . .The. fozm er  
was Ghosen f o r  thh,.'.fi]?8t t e s t s  a s  t h i s  w as th e -'V ^ u e  o f  th e  
.gauges s u p p lie d  by. 'the N ; the' l a t t e r  was. u sed  f o r  th e  
g r e a te r  p r o p o r t io n  o f  idm- work as- t h i s  was... th ÿ : -feS ist'a n o e . 
'value -around whli^h -the .mültl*ohanhel stra lh  g W #  s e t  was 
d oa ign od *  ' /
.Æ .8mcIFlCATI.0N8 OF GA:gGÊ8 "D5ED
P a tte r n  .. .
Gauge le n g th
Gange:,Wid.th... 
Approx ,- / .: r # is t  
Sensitivity-Fa.c^^
S S / A ^ j '  
Slhÿl.é.. '-:
25 '3zm/;.:.;
5 ■,S23l .
8000 'oW.
■ I •■ ■. .
. .  8 : 8 5 : y .
.'.8E /A /27  
. .S in g le  ' .
., 25 ms.,.
.., .,4- mm*.
 ^ (- :8,pO. ohm.# 
::e#85
•fOicsnvtz:
4 .2 r i t i s h  T h erm osta t Oo fTeddihgton'i^'
- . S tr a in  GaugGS-.
,65»
a m. A P T B R . 5
. . FIRST .TE8T WITH RB8ISTANGE. STRAm .eA #B 5  ::#:
. Itw as;. evident, th a t very l i t  t i e  was as
..to .the. ù@.é o f  s tr a in  gauges on.. poao.r0:tç: &A fa r  as
.could be ae.oertalned:» no data .z^êlating'-'tô ' th e lr:# 8 ë , on obRorete
had .b@0n .pub.ilÈhed,: y. - .  . ,
The f i r s t  .problem to  be coDaldereii TJàËytb'^  th e  W at  
'method o f a ttaoh lD g th e  gang# to  the eonorëtévà It.
'.warn., deeldedy. t o  try^Durofix» a .glue reçomiendëd fo r  a f f ix in g  . 
gauges to  m etal smrfacGS.^^
.5,1 fREimmAEY.aoMPmssim^^-m (m d  p ee , i946j
A Gonerete oyllmdor' 10 'Ineheâ h i ^  (and 5 ..Inches . 
diom etor was usediM : th e  t e s t  epGGimen*. and'two:..# *PoB@ gauges 
o f 8500 ohma.' nomlhbi r e s is ta n c e  were a ffixed - "the su rface
w ith  Duroflx^' one in  the lo n g itu d in a l  
c ircu m feren tia l d lrectlcm '.
«56*9
Thé m ethod'iof .s t ic k in g » , was aa f  o llo w s  :«
(1) The t e s t  su r f  ado was smoothed down w ith  sand paper
and O lea n o d .w lth  aoot.ono.#
(1 1 ) The g lu e  was d i lu t e d  w ith  abou t -6 ^ »  b y  volume»
p f  B u ty l A cetate.*  - 
( i l l ) .  The a u r fa o e  o f  th e . gauge 'paper and th e  t e a t  su r fa c e »
h a v in g  been  d eg rea sed »  w ere th en  g iv e n  an e v e n ly »  
sp read  th in  c o a t in g  o f  th e  g lu e  and a llo w ed  t o  dry#  
( I v )  A fu r th e r  t h in  c o a t in g  was. a p p lie d  t o  th e  t e a t
a u r fa c e  and th e  gauge d ip ped  in  a c e to n e  » shaken t o  
remove lo o s e  l iq u id » , and p r e sse d  f ir m ly  w ith  th e  
thmtb .cm t o  th e  o c n o r e tc*  .Excesa g lu e  was sq u eezed  
o u t b y .p r e s  s in g  outw ards from  th e  contre.*
(v )  A f t e r  abou t one m in u te»  When- th e  a c e to n e  had.
evaporated , from  th e  gauge paper» t h e  p r e s su r e  was 
removed, and th e  gauge l e f t  t o  dz^ ou t f o r ,  at. l e a s t  
. .7 days..*..
gauges w ere , n e x t  oozm ectod in  tuim. t o  a norm al 
W heatstone B r id g é  c i r c u i t  r ig g e d  up f o r  th e  .o c c a s io n . To 
o b ta in  a m easure, of' t h e  s tr a în é » , an e i g h t  in c h  -gauge- le n g th  
l e v e r  cbm preceom eter o f  th e  Ewing ty p e  was f i t t e d  t o  th e  
ap eo im en ,
A e lm p le  co% >resslon  t e s t  was made t o  ab ou t h a l f  th e  
u lt im a te  load »  and s t r a in  r e a d in g s  tak en  d u r in g  lo a d in g  and 
u n lo a d in g .
. : On th e  f i r s t  rum th e  o m p r e 's a lm  gauge w e  used», and. on
th e  secon d  t h e  tra n sv e rse -  t e n s io n  .gauge*
The d e t a i l e d . .r e s u l t s  a r e  g iv en  In  Appendix 1% and from  
.them .the- Graphs^ 6*1. and 6*8. w ere p lo t t e d *  .
C G N om aim s#
The r e s u l t s  showed r e a so n a h le  G o n slsten o y  end» a s  th e  
e l e e t r l c a i  m easurem ent o f  s t r a in  v a r ie d  a lm o st l#*nearly w ith  
the. m eoh an ioa l m easurem ent » I t  was d ec ld o d  to  go ahead w ith  
fu r t h e r  and more b om p rehenslvo  ezpe.rlm ents.# A eoord ln g ly»  
plan a  w ere made f o r  b u i ld in g  th e  .s tr a in  gauge, s e t  as- d e so r ib e d  
.in  C hapter 7...
Ë A ?  T E ^  6
THE: GEOICE OF .GIBC'QiT
6 ,1  p iŒ G iH E s
&  a t& t le  str& lït gau ge woiSE th e  eh&hge o f  
r esista z io ®  o f  e  g&ugOg. when s t r a in  là  applied;,., I s  u s u a l ly  
moasured b y  the. ua.o: of: a V/hoatstozio Bridge .a ireu it.. There 
aro imny w r la t lo n s  o f -e lro u lts  whloh .smy bo ueM.» but they  
only , d i f f e r  frm i eaoh .o.thor In  tW  method, by whlok th ey  
e lim in a te  .or r.educe. 0:%"ror8 3h, general^., an  ozperlm ester .
^111. hs'ge to  -d o o l# . which o lr o h lt  w i l l  g ive  the 'bomt. r e s u lt s  
&t. a reasonable. G08t<,
Qonsld.er, the: .c i r c u i t  shown
FIO, 6 ,1  ’(fesatstoa® B ridgs O ir o u it .
- ? r ç p r s s é n t  . th e  % ..8 rw ist& n G es*
The i n i t i a l  balamoe; con d ition  i s  given by the w e l l  Imomâ- 
r e la t io n s h ip .  ' ^  B '
iohanges 'Its-resletan oQ  t o  (3  4P}: duo; t o  s tr a in
and the. .bridge l a  'robalàncod by in crea sin g  ..the v ariab le  
resls ta n co .:  4  t o  d%) :«
Ip + a e )  _  a[Q -s-ÛQ:) s.
,sp + m é S :  . =  m . Rods,;
iJjjtfe b y  â® fîE it.lo)3  ‘p . . i t m îH  S e r s .s ît l^ lty  F a g tép  
: . : . • :. : CS.S,P J
.: .l.ç:,.&.%ra%. i ç r  .^  .
± 8 . . and thq. f o r  ' . th o .& t  of.ç gauges ^
o f .which I s  O'D0 .^ im a ls o  known.), then t h e . g i v e n  
a t  .once .in  torms:. o f  . ,
<S3'S©C» .
A change In the temperature o f  th e  w ire may W  
c h a s e d .in  two ways .:=
(1 ) a change Ih th e  ambient temperature*. ; ;
, . ( i i )  & change. In th e  heating, o f the w ire due to  current ,
These w i l l  cause , a .change In  the 'realstance o f  th e  w ire  
which i s  n ot due to  a. d ir e c t  load in g  s.traln.». For ézamplO). 
a. change in  th e  amhl.Ont':. tem perature w i i l  omuse a., .d if f e r e n t ia l  
s tr a in  between the gauge w ire and. the t e s t  specimen i f  the 
two m aterl.als have d if f e r e n t  l in e a r  co e ffic ien t^ ' o f  expansion* 
For the p a r t ic u la r  use o f the gauges , on concrète» th is .
.la ,tter d i f f i c u l t y  wasi n o t ser io u s the e o e ff ic .le n ts  o f  
..lin.ear expansion o f  oonereto (. .10  l& .x iO"^%or%} and . 
:Eichrome wi.re (.IS.*.6..% 10'^^er^Ç) are 'vez^ s im ila r  *
...In general g however g; the fra:c.tl.onal change o f  r e a ls  tance' 
.of , :??(). f o r  a temperature 3c$8..e from t.^  t o  tp . w i l l  be given  by
p . .=.. (t^  ) T %. t  (:a  ^ ^
where % «  temperature G o e ffie io n t o f  roaistanoo. of the  
gauge .wire.»
agS: G o o ffic ie n t  of linear, expansion o f  t e s t  
.$peclznen .y - .' .'
a .= o e o f f io ié n t  o f - l in e a r  o%mnôion.\of 'the gauge
& w îr » ,  ■ ■
F or example "
For gauges made o f Mohromo Wlro.ÿ.^x ,^ m. TO x  
and when f ix e d  to  cbnorete^ 'a  ohai^ge Ih  temperature o f  1^0' 
giveO' = 7 0  X w h ich  corresp on d s t o  & s t r a i n  o f  -about
30: % 10"^^ ..
As th is  1$ a' 'largo a t  ra in  compared with, th e  Imoroments o f
s tr a in  which.-it. I s  d esired  to  z'Càd.» th@ need fo r  p reventin g
..Ohango.a in  tho tGmporatùrO' o f  the wire.- r o ia t iv o  - t h  the r e s t
o f  . the/G lrou it» . 1:8. f o r c ib ly  bro^
The eimpl.cat way to  m inim ise th ese  .temperatm^e: .offec.ts I s
t.o usé a . second .e.train. gauge a s . à .re.8i.Btanoe in  .an arm o f  the
.bridge .o.irauit. on: th e  .-opposite; -side- t o  -the a c t iv e  gaùge*.
{.i.e.* -.in-Fig;#...-6:.!' )..-* If" this- gauge be -ctuck to  a p iece.
.o f im8tr a in 0 .d m a ter ia l sim ilar, to  th a t to  w hich /the a c t iv e
gauge la  .stuck) and. i f  'the, gauge is: o f the . same , con stru ction
.and o f  th e seme .hatch ee" its -  a c t iv e  partner^ then the -heat-
.d iss ip a tio n  from o.ach should ' W  equal... A lso» - if  this- gauge-
.(u cu a lly  known as the Mummy ga.uge'^) be .placed in. c lo s e  -
.proxim ity to- Ita: a c t iv e  partner» then it-.sh ou ld  s u ffe r  eq u a l
azmolent temneraturo chang@:8 :in . r e a ls  tance» The hrldg® should  
" '
th e r e fo r e  h e  co^ pén satod  f o r  tcm pera.taro»
The u s e  o f  a  eo%%>eQ8.âtlng gauge, a l s o  a l lo w s  f o r  -hum idity  
e f f e c t s  t.o a  f l r c t  -ordêz^»: a lth o u g h  ..humidity p en d l-tion e a r e  
r a r e ly  r e p r o d u c ib le  enough to  ean o .e l ou t q o m p le te ly  th e  e f f e c t s  
in  b o th  gau ges c
6*3 DRIFT  ^ '
. The phonomen# Is. tba.t.g over & . period  o f load in g  
.&:n4  un loading a spêolmon;» the. tru e  aero,». .W .by th e
r o s is  tanoe box or-, th e  .ga.lvanomotor d efl$ o .tl% ) tends to  
I t  oo.Gurs: m ainly ..In .s ta t ic  measuramonts: wbmi the ^ u g e  I s  In  
: c ir c u it  f  .or .an .approoi&hle period, o f  tlme* '
. . .Sho- magnl.tudo. of. the d r lf .t  W
.sm all I f  r 0as.onabl@. propautlons are 'taken.» .but wh.on I t  I s
- .
deplrod to  .moasuro .vpry -small -stra ins»  .as- was th e  .pas-o. in  the  
.author 08. .experiments' cm o.Ondroto In tonslon.» a or o': d r i f t  ma.y 
.mask th e  r e s u lt s  U n l e s s ; s p e c i a l  o,are Is.: taken...
2 .ero .drlft:.oan .bo  a ttr ib u ted  ' t o .  tw.o..pourGe8 ::«
..(1 ) the gauges .them selves and the. method o f atta.Ghment*.
(S) the bz*ldge o lrqu ltry^  ' , . .
In tho' gan,g08.) d r i f t  may -be; due .to. ic*
(a.) .Oro.ep In th e  adhesive and paper backing under s tr a in  *
The ereep in  the .adhesive surrotmdlhg. tho w ire w i l l  
depend on the . w ire température» whieh izi turn.», depends on. the  
gauge current used.*... Creep in  the adhesive .between the .papor 
and the parent surfaQo-». w i l l  dopond on the ambient temperature 
and. on. tho. hnmidity». as. the la t t e r  w i l l  a l t e r  th e  volimie o f  
the- ad hesive and» thorof.ore» it s . .meohanioai an.d 'e le c tr ie a l  
in s u la t io n  propo.rtio8 # Bad Insu lation , between -the gauge and 
th e  speolmen wiH- cause a variab le  leakage to  earth..»
I t  was ..not thought th a t th is  p o in t  would g iv e  .much 
tro u b le  .when th e  gauges wore a.ttach8d t o  dry Gon0 :ret@» as  
Gonoreto i s  not &: good, oonduotor %mleas it-, lë . .v er y  wot»- 
This 1-8- -o-jbnflrmed. -in. - -a .paper- e n tit le d . ^% y8lqal.Propertl@ B o f  
.Bùildln-g Mat.erial^'. ( 6 .) which etàtee.»  ^^ .Ehde'r n.oimal near dry  
oçmditlonO: th e  r e a ls t l .v lty  o f  .Bt.on0 8  rangee from' 10 megohms 
( Bandstonea. and ..llméotomes.) to  lOO0\meg6Ws (marhiea .and
Any. m oisture in  th e  gaago papo.r may a c t  as. 'a; v a r ia b le  
Ghimt .r e e l8 tance in  p a r a lle l , w ith  the gauge,..
(b) In .thé b z ld g e -ç lro h itry »  d r i f t  may be :«=
( I ) v ariab le  sw itch  .oontact r é s is ta n c e s  . -
( I I ) Th0 rmo.='elootr.o. 0 ff@.Gt8 . a t  the many soldered jo in t s  in  
tho- o lr o n i t ,
. ( i l l )  Changes in  the oon neetlng  lea& res.l8tahGe cau sin g  a 
.- v a r ia tio n  in  th é  t o t a l  e f f e c t iv e  gauge rbslotam oe,' /T his  
la . q u ite  a sez io u s  .:p.oint aa the gauge .leads- are .often  
.sev era l yards Img.»
.(iv ) Zmporfoct temporaturo- compensation,: The use o f a diitimay
gauge w i l l  ra r e ly  componaato- com pletely  fo r  .temperature 
-ohangoG .In the wire» as i t  was found .in th@ p resen t  
....s o r lc s .o f  tea ts , that.» even I f  th e  a c t iv e  and dummy
gaugoa formed a. ma.tched .pair .before' .sticM ng» th e ir  ' . 
r e s is ta n c e  was changed by .d ifferen t, am ounts.-after 
@tlclcin.g. (30.e'?ara,. 1 0 «8) .
with' maaÿ -f  actors': tending to  koro. d r if t  g I t  la
indeed eurp ilslng that the. e le o tr lc k i reéistànee stra in  gauge
earn W: m:éd as a, measüzdjzg dc^lee. ;:In: factg. i t  w i l l  only
'give reliab le, .r é a lité  i f  every e f fo r t  la  made to  redoo-é zero
d r i f t s  - ' ' . "
' gome of. the: methoia o f minimielng the", p^hénomenm- are
c le a r  ».. # 0 r  :03:ample : ,
( i )  by maintaining the ^%gea..at ê  "ometant temp@ra.twe' ' '
. - and. h%mi.dity by_ doverlhg them.-,\
... ( i l )  by re&ocln'g the temp^ature. of the wire as fa r  as
.p o ss ib le  by.nslng low onrr8ntgL*^
. (lii)/%y nsihg a. bridge c ir c u it  whl.oh reduces- the -effects  
cf..i.téms''{b'ÿ^ (111).
6*4 TEE 'WSE. 0?- A 'pI^IiEOTlON. OE.EDtL .K m ® : ./
Re8:l8tahc.e: bp%0a:are compara.tively e%penalvé 
. for- th e - very .ilmlted .aoGuraoy and dlaGrlmlb&.tion which they ' 
give# . . Gonaequentlyy pohaiderable .thought wae- -given to  'the 
idea of mçàawlng atr&in by noting the galvan.iQ2Sot@r defleoticn.^  
as . .qpposod. tp .the practioe of rebalancing the bridge-.:
Ad vant a o f .à def .lect i  m_ *
(1) .The galvanometor o.urrent. .in an.^balano'ed bridge- la. 
detarmlhed by the- proportionate chah'ge. Ih rcaiatance 
in  <mo: 'arm#:. - Over the range usually  ênooimtered in- 
ç.traln g^ugo workg the 'relatlensh lp  .can be- taken as 
. .lin earf .so that the galvanometer:-defleo'.tlona- 'w ill be
proportltm aï to- the stra in .- (See Ohapter 8*. 
i )  The method,. I s  - q u ic k e r  than th e  n u l l  #@ thod.
Dlsadvantàjpieg: 'Of a d e f le e t lp n  method.
(.1) The - r e s i s t a n c e  o-f th e  ga lvan om eter  w i l l  change- 'w ith  
. tem p eratu re  #: T h is  w iH  a l t e r  i t s  s e n s i t i v i t y  y th e
o f f e o t  b e in g  g r e a te s t ,  whom the: g a lm n em p ter  i s  
. ab.ov0..f/. i t s  o p tlm m  v a lu e ,
.. (11.) ; A h i ^  gÿW e v a r ia b le  z^ sis ta n o .e  f o r
c a l i b r a t i n g  th e  g a lv a n m ie te r  d e f  l e b t i b h I n  terma. 
.. o f  tho':r:@6is.tano:e 'Gh^ . '. % : J:
(111.)'- " .'"When .th e  .same: galvanom eter' i s  uêeâ./fôr--. reé-ordlug from  
-qironlt.. .tb' .q irou lt-.in  ,a. mnltl<=gai4ge: .@et:^  ^ o f
th e . o o n e ld e r h b le  v a r ia t io n  In th e . re's:is.tanà.e o f  th e  
.- gauges o f  a gi.ven .batchy th e  .ao.alë' fa o to r  w 
proba'bly oha.hgo f  rom gauge to  gauge\6.:^  '.. : T -i.s 
inGonvenieht*-', :
-.Ad'vant.ag0 8  of^  the. Method,
, (1 )  ' The . e f f e c t  o f  changes In  th e  ga lvan ém oter  r e s ia ta h e o  
are e llm lh a te i: ,: .
( i i )  An .@3Qpeid.-ehbêd. observer can obtain a n u l l  , balance on 
& bridge alm ost as q u ick ly  as the galvanometer '
. .d e f l e c t io n  'eon b e  r e a d .  ' - '
P i 8 ad vaut age, o f th e  Mull Method.,
%t in tr o d u c e s  @%tra eo n ta c t. r e a ls ta m o e s  w hich  may vary^  
b u t th e se ' can be -made n e g l i g i b l e  by u sin g , k  s u i t a b l e  é l f e û l t . ,
'In view o f  .the f a c t  th at th ere  would h e ' l i t t l e  sav in g  o f  
tim e, b y  .adop ting  a. galvancm & ter d e f l e c t io n  method^ -and s i n e s  
8Uoh a method, intr.oduce.8 e z tra  er r o r s  and co33#llc&tion,^. i t  
W&% f i n a l l y  deeldod.. .to use- % ul'i. BalanpQ:^' read in gs- f o r  t h e  
m easurem ent o f  .a tr a in  as-, fa -r  a s . was p.eâa-ible w ith  th e  
.Inorem enta a v a ila b le .-o n  th e  r e s l s t a n e e . .^ ^
G % A ,P T  B  % Y
pi'
A t th e  p r e s e n t  s ta g e  o f  a t r a in  s% go work» 
zo ro  d r i f t .  I s  b y  f a r  th o  m ost d i f f i c u l t -  prpblem#; . :In 
consequonoof: i t  was d ee ld o d  tO: u se  a s ta b W /b  w hich  
w ou ld  e l im in a te  th o  c i r c u i t  aourcois -of -.thi.ç':';'drift.y a s  f a r  
.as. p o a s lb lo .  '
The c ir c u it - '  adloc-tod wac su g g ested , by  8waing@ r(58)
.of- C ity  , and .G uilde GollogOj» Iicmd.OEi-g. -' .to  -thb : 'author i s
In d eb ted  f o r  p e r m iss io n  t o  u s e  th e  clrohit^bqf.or^^ o f f i o l a ] .  
p u b l ic a t io n .
' ,3PHinaiPLB8 W  TEE GIROITIT. r
. A m (d if lc d .% o a t8 to z io  Bzidgt5:.GirW^it l a  u sed  
wbl.oh in c o r p o r a t@ a/the. K e lv in  D ouble B ridgpriP rih jçip lê  o f. 
.moasuzdng w ith  ^ p o te n t ia l  le a d s  *.  ^ th e  . .p o te n t ia l  ..drop a c r o s s  
.the' gauge due - .to- t h e  c u r r e n t  ' s u p p lie d -' t'o ÿ ^ t.-jb ÿ .çu rro n t. lo a d s  .
Thlà s.tatB of :àffalz«s le- a o b iev e i by h igh
r e s la t a n c o  'ratio;'.;#-r3#-. .
'WVVV
R
a.otj 
Gaueo
.r.IG, '7»1, The B a s ic  G lrou lt.
Gurz*ent O lr o u lt  
P o t o n t la l  G lro u lt:
High .Reslotanoe . BatlO;
I f  the v a lu ta  roa lsta n o es are made
hlgh. apmpared with-gauge" .re.8i8tan'G.0&'. and .'W..  ^ then the  
brzdgo c o n s is ta  of" a ^current -olrcult-* con ta in ing  the gauges-.^ 
to g e th e r  w ith  a p o te n t ia l  . c i r c u i t '
The p o t e n t i a l  drop  a o r c s s  t h e  gauge I s .  m e^ur'od ;by th e  
high re8 l8 tanoe ..eireul.t,»: By taking, the p o te n tia l' lead s to
the ac.tuai gauge wlr.cy the. e f fo o t  of any' oMhgeB o f  sw itch  
so n ta c t  r88lBtanG.88j;. which in  a e r ie s  w ith  t h is  hlglï' 
r e e la ta n c e  é ir ù n lt .g  is -m u c h  reduced  in  i# :o r ta # ^  8 im il& r ly  
. the e f f e c t s  o f  changes In. rea is ta n c e  in' th e  lon g  connec.ting  
leada which w i l l  be put. into- the h igh resistahGO c i r c u i t  are  
made 33ogll.gibl@.» The .lead between th e  two gauges and
I s  kept' a s  sb b rt as. thatg  apart from the. gauges
t h e r e  a w lro  in .
P o t e n t ia l .  .lasad
To B r id g e  
C ir c u it
Gaugo
Gurremi;: .^^oaâ
Curronu- •'•lb
P o t e n t ia l  ioad.:
D nm y
F ig .  „ '.load 'aogmections 'to
(h) .Hl#i Gauf^'/Chrron .
ThouSà.of'.t'h'ë-^hi^rGslstano^^ 
icircnlt does nçt  ^ o anywhere n:e&.,r'.t:h#%^ s e n s it iv ity
condltion.».v(.Seo_'% 8^5 and. 8^7'). . gauge
o.urrents w i l l
. .On thç. othoK\#and.ÿ 'to minimise .kero. dr^ ^^  
current a. are do sizab le  and thoreforo a -q is- nocoBsary.
8walngor (68). f in d s  tha.t th e  r é s is ta n c e  ^
8.train ^gaugewhich- nhually doo'reasoa. In value/.'varies with  
both time -and gauge G.'urrent.»
B rltish . G;0 , (E,?*!,:,
'60ga% @ w lr@ *.
OB a lim ln l.im  $h&et* ' . .
BGOolm E l chrome-
O w rém t mà.
m o  .8 1 5
R e s is ta n c e  
(ohms) 210.4C  
8 1 0 .# 5 {
SIO.OSS, ■ ■ 87.0
810.008 . 70,6
810,358 40,0
S^1S,4O0: S5,0
giO:,4ia : 15.4
8 1 0 .48< 8 .1 5
F I S . VcS % rl.atl.<m i n  gauge ' 'resï& tW iôe\'% th' t im c (8 ^ a in g e r )
I t  .a$>p0'&3?a thcr<$f or@.g tbat.j» f o r  t h e s e  gauges^ w h ich  w ere  
bf th e  same and m8.ke a s  th o a e  used-b^ . th e  author^ th e
b est Working range .of ô u r r e h tis  .betiAyeen .Aày. 10 to SO mA,.;
A otu allyg , in  th e  ân th o rn s t e s t e r a '  gauge purr e u t  o f  about  
15 t o  80  mA, '^ms uG.ed.compared, w ith  .5 w hich  l.s  th e  norm al 
p r a c t ic e , in  s t a t i c  work, in  thcls c o im tr y .
'Sim  GïRCŒl’: m o P M B
m îQ  î&îlt|:-a-Eag®, f i ir a a lt ;  M&grssa,».
% # e
A atlire  (Mtiges (z&Ug@a:
Diagram
,3o%@ 8 w lte h  
OiirreKt Leeds ' 
P o t e n t i e l  L eed s
ei&DG0 R eB lsten o e
F m . ,Ÿcr4
To be on th e  I t  l a  n e v e r th e le s s :  a d v is a b le  t o
have th e  g a u g e s - in  c i r o n l t  f o r  .@is s h o r t  a  tim e  a s  p o s s lb lo ' .
m 3  A m m am im p a  F o a jg m  sTB&m
c l r o u l t  diagram  l a  shmm l a  F i g .  7 .4 ^  
t h e '.points, t o  n o te  a r e  :«
(1 )  The sw lto h e s  a r e  arran ged  ao t h a t  th e y  a i^  n o t  oogm eoted  
i n  th e  gauge arms o f  th e  b r id g e #
(1 1 )  To a l lo w  ®Q,® and' t o  have th e  same y a lu e e  f o r  each  
p a i r  o f  gauges^ a s z s a i l  a d ju s ta b le  r e s la t a n o o  i s  
In c lu d o d  In  s e r i e s  w ith  ® f  o r  ea ch  p a lr ^  t o  p erm it  
i n i t i a l  b a la n o ln g  o f  th e  o i r o u l t  TJhon
P-
% ^  0 '
. T h is  i s  n e o e ssa r y b e o a u o e :  gauges and :ere.^ in
g e n e r a l)  n o t  q u ite " e q u a l I n i t i a l l y . -
The b a lan oo  r ee ls ta n o o :  was n o t  f i t t e d  in  s e r lo e  w ith
th e  .dummy gauge a s  t h i s  s ^ t e m  s u f f e r s  two. b ig  d laad van t:
age.3
(a )  The e l l ^ t e s t  chango In  th e  r e s ls ta n o ®  would have - 
been  m a g n ified  i n  th e  aàmO r a t i o  a s  th e  m easured change in  
th e  r e a ia ta n o e  o f  th e  a c t i v e  gauges due t o  the: s t r a i n .  . 
su ch  s m a ll  q u a n t i t i e s  a re  in v o lv ed ^  t h e  gauge r e a d in g  co u ld  
w e l l  be  o b scu re d . To a v o id  t b la  w ould r e q u ir e  t o  bo  o f  
a v ery  h ig h  grade and t h e r e f o r e  very  e a p e n s iv e .:
To a v o id  lo n g  le n g th s  o f  w ire  in  B e r ie s  w ith  th e  
dummy g a u g e o a e h :  r e e ls ta n o o  ® w ould have had t o  he. f i t t e d  
v e ry  o lo so - t o  I t s  r e s p o o t lv o  .dummy*, an d  honee. ooi^M n o t  h e  
b u i l t  in t o  theT im in  p a n e ls  o f  th o  s e t .  .
( i l l )  A p air of ree l stances and ® of about the aame.■ y . .. P' ■
v a lu e  a s  and a re  b u i l t  in t o  th e  o lr o u i t  so  
t h a t  th e y  oan h e  aw ltch od  in t o  th e  s e t  In  th é  same w&y 
&8 th e  g a u g e s . T hese en a b le  th e  b r id g e  t o  b e  i n  b a la n ce  
w ith  a con tin n ou a  c i r o n i t  vfhon no moaourement i s  ta k in g  
plaGO*. G..ohs.oquently th e  w hole c ir e U itr y *  o z c e p t  th e  
a c t i v e  and .dummy gauges*, can be  k e p t . a t  c o n s ta n t  
tem p era tu re*  and th e  gauges th e m se lv e s  a r e  o n ly  sw itch ed  
In  f o r  lo n g  enough t o  take- a. reading#.* . In  t h i s  manner - i t  
was hoped to  a v o id  tem p era tu re  e f f e c t s  In th e  w ir in g *  
8W ltoheS:g.Ç tç.
7 .8  GC^STmCTim O? THE .mLTl^(MAmmL a T m m  GAWE $ET
la l bonocpti'On .
- /  ..- .,.%e:_.:nrw'ln and ^ w aln ger  ç l r o n l t  .F i g .  7#4 was 
.ad%t@d.y..;as;-:-'it;' bi^ .çréd the. g r e a t e s t  p o s s ib i l i t y . - .o f  e l im in a t in g  
lazüaoasurable .eiTors.*: and o f  m easu rin g  sm all- changes o f  
r e s is ta n c e ,  q u i t e  .-.ac.oUra-toly w ith o u t to o  .much c o m p lic a t io n  .and 
e x p e n se . . .More e x p e n s iv e  ap p ara tu s would have, '^ v en  g r e a t e r - 
a c c u r a c y .
4**
The requirements - were ' »
(1) - A 'twelve., channel s e t  wouM provide su ff ic ie n t  scope for  
."-the purposes in  m ini.
(11.) Low resistance stra in  gauges of the order 200 ohms would 
nozm ally.be/hs:@d« . . -
(111) The s e t  had to be made from apparatus and m aterials
which could be obtained com ierclally as standard Items # 
This was due to  the immediate post*^war d lf f lo u lt le s  
which reniered sp ecia l apparatus unobtilhsble except -on 
& several year d elivery  b a s is .
A ccordingly .ordQ.re. were .placed ln. December 1946 fo r  the 
follo^vlng items _ . .  . .
. (a) .A. Post.-.Office. Box* 0 « 1.0000 ohm range../
(b) A moving o;oll galvanometer* ''ÏSp.b''':'io^ ' resistance..
(o) . A m llllam éter* 0 *: .60 m& rang® ..
( d )  A r o ta r y  ktud .GWltqh ( 4  p o le  94 stu d s)..: .
(e) - ..3&ultiT:8trcni tinned copper wire p la a tlc  covered
' . ' _ - ' (1*1 mm. Obd,. .;Ge3.3^ ^^  w a ll)
( f )  Rhcoatq.t8. «A» 6.0.ohm w ir e  w ou n d .p oten tl'0™ ter^  I d o ^ .
.950. ./ ' 2 off..
(g) Braos . Tei^^hals. In 4 do.%<,. . _ I
(h ) . Bake l i t  è sh ee tin g  ^ in' thlçlç...
'D etails of the apparatus, are given In Appendix III.* .
These orders were not s u f f ic ie n t ly  oomploto fo r  a s ta r t  
to  be made in  .cons true ting, th e  so t  b efo re  January: 1048.
7 .4  . TE33 m Y -m r  OF THE 8BT
The s e t  was d e s ig n e d  and G on stru sted  by  th e  
...author and h i s  c o a d ju to r  and l a  shown s c h e z n a t ic a lly  i n  
F i g .  7 ..7  end in  i t s ' f i n a l  f o ^  by th e  p h o to g ra p h s (P la to a  7@1 
and 7 * 2 )
D e a c r ip t io n
The com plo.te aet- wa.g b u i l t  .on. a r i g i d  baao'board:.
The a -m cilia ry  p.ot0 m tionio.ter .8 to g e th e r  w ith  th e  h e a t in g  
r h e o sta .ts  .? and. t h e  m il l ia m e te r  and ..the s e l e c t o r
sw itc h *  w ere mounted on a v e r t i c a l  b a k e l l t e  p a n e l a t  th e  f r o n t  
o f  t h e  a e t*  ' . .'
% e'..tezT sln als f o r  th e  c .on n ection  o f  th e  'a c t iv e  and dummy 
. gaugea. w ere  s i m i la r l y  m ounted on .a. p a n e l a t  th e  r e a r  o f  th e  - 
.a c t*  ' - ' .
'. The. P o s t  O f f ic e  B.ox. w h ich  was u sed  f o r  th e ' r e s i s t a n c e  
m eaeurem ente * was p la c e d  Im m ed iately  in  f r o n t  o f  th e  ga lvan o«  
m eter*  th e  i a t t e r  b e in g  r ig id ' ïÿ  "supported.''oh'-a- "raised p l a t  form*
% e. b a t t e r y .f i t t @ d  o -m v e n ie n tiy  b en ea th  ga lvan om eter
platform.*. .. '
O b serva tion a --
The s e t  en a b led
(.1) Tw elve a c t i v e  gauge pa.lrs" to  b e  aec.ommodated,. (The tw e n ty -  
fo u r  s tu d  s w itc h  was UBcd a s  I t  was- .rcad lly .' a v a ila b le * )
( i l )  The h igh  r e s i s a i m é  and. cm tâie-P.O.. W%
w ere about. '10*000.--ohms* which* for- 20.0 'Ohm gauges.*, meant 
.a. 50 : i  m a ^ if lo a tl.c m . o f  th e  ohaiig® of, r e a is ta h o e  Gd.P®
In  th e  gauge. (1,6-, d% 50,* dP) V 
' ( i l l  ) The ad ju sta b ie  he.a t  in  g rea l stan ce a .enabled the.. c  IrGui tr y  ' 
t o  .bo. k ep t warm when n.o measwemehta .were being taken . 
.(Iv) .The.d r o u l t  chrront could  be- noted*, ànd .any flnG tuati.on
in  th e  .b a tte r y  s u p p ly , w hich wouM ...change: th e  s e n s i t i v i t y  
o f  th e  s e t *  c.ould be  o b r r ec te d  or  an .a.Howanc.e made*
(? ) The m illl& m eter a.erved as a valua.ble jjid ica to r  o f fi^ulty  
c i r c u i t s *
N ote  .TO G alvanom eter* . . .
A .plug sw itch  was norm ally connected ac.roae the- 
.galvanometer tersiin a lo  ao t h a t ,  when the sw itch  was closed.* 
the galvanom eter was' ahort- c ir c u ite d  end' .bodame-- dded^boat «- 
T h u s t h e  -v ib len t o s c i l l a t.l.on.s . of. the .galvahometer.* which . 
.occur due to  eû t o f  baianoo reai.standcs* could be avoided*
: ■:>
Tèrmln&l "Panel
P o t e n t ia l  G lre% lt
G ^rrent G lr e n lt
FIG" Y.7 Sohematie Glreialt Diagram,tRRSUttilaOKraLttlNflALIWMC*!»»’
0 E, A p T. E .E 8 
BRIDGE qiRGTng? SEnSITIWTY .
8 . 1 ' . ' .
.' ' - p re llm in a iy  experim ents "^ere being  G&rrled
out w ith  etrAlzi gauges o f  d if fé r a n t  reslstan.Goag I t  was noted  
th a t th e  d e f lé o t lo n  prodnÿëd^^m a gl-wen.
.'strain and\ chrrentVlk th e  , gauge g-. varied, with/the'..gauge- 
realataroel,. , Alsbg: when other galvanometo.raJ ^
' r e a ls  tanoey,.. but having s im ila r  meahenlGsl'l#^^ were
.su b stitu ted  ln .to .,the olrGult^»; again d ifferen t:;dÆ  
"Wé.r'G, produced on: .the : f  or the .eàim' Str^ and
current in  the .gauge.*.'
. In .order th a t  the most su ltablo: galvanometer fo r  the  
.proposed, te s ts ' could, .be secured  ^  the fo.llow lng in v e s t ig a t io n  
in to  the clro.ui.t .s e n s i t iv i t y  was undertaken*  ^ .
B: I v o lta g e
Gurren t s .^. ' . . . \ -
1  - B a t t e r y  GlrGult ourrent*
1 % A otlva straim  gauge, .eurrent *
1. .^ Galvanometer ourrent* : ;
E eslB tà i^  e^ * : "
p. ssA etiv e  stra in , gauge reslàtanGe.,
.P -  A ctiv e  s tr a in  gauge, .rosistance a t I n i t i a l  .
®. . . . . - ' .. balance con d ition  *
R: = Dmrniy 8 tra;ln gauge r e s i  s tance. .
Q — Measuring r é s is ta n c e  o f bridge* . ..
- .F ix e d  r e a ls  tan ce of bridge.#:.  ^ '
G. := Galvânom8.t:er resistance.*'
Optlmm. galvanm icter r08lst.ancei; -
B -  B.a.ttery r e s is ta n c e *
• ■ '  '  . '
Ga 1 van oimt é.r Pi^ôpar t  1 #
. :k ' = Mççhanlc&i s e n s i t i v i t y  constant of i.nstrim ont*
.k@. ^ M echanical s e n s i t i v i t y  constant o f  C ai#rldge
 ^ .' galvanom eter,
- ' .- MechanlGal .h e n s lt lv lty  constant o f  .Marconi
.."^ ' ': ' . , - . galvanometer*
0 — Galvahomoter '
G = GalVahome.ter resl.stanco* .
galvi^ometGr res.istane.e/*::.^
n  — B a t le  —%
#  T AG tual a e n a l t i v l t y  o f  e  G lr c u lto
. = Maximum' - s e n s i t i v i t y  o f  a e l r e n l t ,
8 PQ'Q A ctual s e n s i t i v i t y  of o lr o u it  w ith 200 ohm
^  - gauges and Gaiabrldge galvannm ete^
^eS
sSOO
Aotuai so n s lt iv lty  of o lrou lt w ith '2000 ohm
gauges Oambridgo g a l  van omet or;
Actual s e n s it iv ity  of c ir c u it  w ith  200 ohm
gauges, and M arconi galvanom eter*
'« . Actual ' s e n s it iv ity  o f  G lrciilt. w lth
gau ges and M arconi ga lvanom etor,
. — Ratio.
'S'
Ml8.G0.llan0O.U8',
ABRIDCËD
t3
8 a I. Wheàts^tonù
:%n /pr&GtlG0 a o f  th@ 'ClrG%;lt %W a o t
the -current through the galvanèmetcr, /but''thé-.gàivaùcsieter 
d efleo tlen  to a Ghange ^^dP  ^ 'ln. .^P.'-„ .
%ïake the  r e e u lte  d e f in e
d 0Circuit. % n sltlid lty  =
.  : - - " T
?.,Ù0
8?
Eqn. 8 ,1
The to  ..current of laoving col.l gaivanometere.
d iffer in g  only ih-mmher of turns, and diameter:: p.f- i^lre. (1 
of the same e lse  and shape of c..oil) i s  given by =
@03
=  kvG., d i g
( d e r iv a t io n  e e e  Appendix %V)
à-oo. Eq.n* 8e9
Sign, .8*2 may. b e  w r i t t e n  a s  . :«
P. a s  =  -g .R . .'S' 8$3
A^lm by eonalAerlng the currents, tbroughytbe lMlvldua.l 
reslstazioes and evaluating this- may be ..g^pressecl- .as 3.
X> àe k P S B Æ  _
^ ‘W  " a.[{p+HkQ.'ffij + B (p-4-i-s+slJ+  ( i ) é | |S Î P + R )  -1. B C m ) l
C asidT atioB  b:s ® %3poHdlx ¥ ) .;„,  ^ g a a . ,„S»4
.A further, manipulation, of Eq_n*. 8@4 gives g. In terms of 
the: gauge eurrent
.ty
>rivation  see Appendix
k
-L -c i".. 4feaepiXTM3tsy
Eon* 8*5
"In ' .D 'ai^lénlar: ' ' W  " stra in  - gauge w oi^
8^4
il .  #a lw n q ia a te r  r ea l s t a h c e  f o r  a .^i.Vem. Glro%li;, 
'*S
^0
assvis’isjssrÿ» ■.
F or m&xlmim s e n s i t i v i t y  th e  d e n o m i n a t o r ; W  & mlnlmnm» 
.th:at;ÿ as;$%B3lng tW' galiFan% @ t#r l 8  seleG ted: 3
A a
, ? '  
.••P , CK»
"Rv
' f ( ?
1 ( 1  4. E )
. *a»œcs'jBafiwec-.^ ;^ £ïeitci=5
B
. : # .
.1«3es%tt3u<3i;aq» - . cfc«aoaimf*T.^ -c?A>*3.^p 5^
* . , a  *■
th a t i s , Jâaal Galmanometer R asistaaoe = 6, SfP-i-a)(=T:Kr.T:»T,3Âhwrr:rsrc3K
#"5 : (P4-R}
Re«>&rranging. Eq: 5 .1
% -#  ^ f T ~
; .  „  l P + - f t H S .  +  S )  
( I  + l ) '  ; |C E  + g }+ (R  t  S
C?> %)(B + S)  
P + 4- R +
That :1s m the hest galv%osietGr resistanoo for à .given olrc 
:1s eanal to that/ of .:thé . @%tG.rnal .gaiwn:(mèter' .Gl3?onit.,.
]h  .p a r tlen la r 'y
I f  ' ?  a  R a s  I n  t h i s  s tr a in , gàngo w:6vk
«•iiCKW3KJCix:MSCni®vara:
.eOg'S O'
, 5, YABIAglOl I I  SIB S m S l'S I W T X  Qg A GP?SS CIRCïïIg
w i5 î  THE 6àî.'yA5ciggKR kesI s 2;a i s b .
g iv e s
H’
G lr a u it  a e n ^ lt lT A ty  ^  ^  ^ Q .  j ç
ions tan  t  v a in e s  , o f  th e  . gauge r e s la  tanoW /
GniT@D.t 7:1^  and' gàlyanoWter constant.
. . , . p; - ;
AdB&l G lrcnlt ^ eh a ltiv ity  (8) oc rgw'/ T .T ."T
- . . '^h€Wë'.#D'Dt
.P a rtlo .n la r  ma%izmm. c i r o n l t  S e n s it iv ity .: '^
. • .  ;  ; ; :  :  : ,  :
%:pt
Hence
A ctu a l  S e n s i t i v i t y' ,„      .
M azlmm 8 c h : s l t l v l t y  '(%»%) : B.(a. t
G alvanom eter e f f l o l é n c y  %.'= -
/ : n  3' 1  '
/ ' ' ' 
where
: - ^  
r e s u l t  was f i r s t  g iv e n  b y  S o h u ste r  1895.. (5 1 )
ITslhg t h i s  Gr%h 8 ,1  i s  p lo t t e d  sh ow in g  th e
v a r ia ticm  in  s e n s l t i v j . t y  w ith  galvanom etor r e s i s t a n o e
. fo llo w s , th a t  :th@. s e n s i t i v i t y  Is .
^ p a t l y  red n eed  fr«m  th e  maxlmim f o r  .a wide: range, o f  
.galvanom oter' .r e s is ta n o e s . ah ove  .and W low, th e  .optiimm f ig u r e .
The w@. o f .' B 'galvanom0t.Gr o f  iopt.iBmm r e s is ta n o e  w i l l  
usu& lly e.ahsé' i t .  to. h.e evsrdampoi .so . th a t  0 hShrvati:Qn: I s  
.mùqh protrà.GteGl:.:. A :gal.vahdmotor -of .lowor re.slstanGe w i l l  
.avoid, th is . .diffl.Gnlty..:
«BS
MAXIMUM SîSSIÎîVIai^' W  k  ....'aîftecsagffj.fjaOTg«ass^Bi«xJîa»ng«tr»,jaa;2i»ie3a^ jagnffJBftSg«
m
m  mEATSTCm
BRIDGEy
In  g e n e r a l* s u b s t i t u t in g
GIRO:
8*5 f  or  id
Maximum 8 e n s l t # /kPi:
+ p) E s .æ M ' ' - .  ( f  t  ft)ir  + a.)
:8 e n s lt lv l: ty
uigttqÆaro<titsm>gqt«^9'p»««ô«t*‘^*XTO«raanaRttgigi!arta=qttAaaMaaga^gr<a^^
4’ Qi.
ag^3ytfuscsaK\:aa2agteCT.caaii:3gt?ja:,.r.-SîW2at=;s;cat;CaytsmcSÆae&a-;
2  / n  .* FisTîssiasiBKMiçjTOsyfti
* l>
?  4 R
Bqn , ' 8 ,5:e5
,7?>af7-aFaioBares3«5aapg;gcy;g».-if^ >aa
o m q im im s . ,  . '
From équation B;,5.»5 I t  fo llo w s  that; the 0 @h:8: i t iv i t y  w i l l  
be la r g e s t  whon^ fo r  a f ix e d  and . 1».. as- sm all
ae p o ssib le , and. &a la r g e  as p08 ,8lb le :  campared w ith
This .le  h o t e n t ir e ly  .p ossib le  w ith  s t a t l e  stra in , .gauge 
work a s  .P % E. f o r  tem p eratu re  o:'ompen#atl.on» ^nd t h e  s m a lle r  
. b#G.omeSÿ. thé g re a ter  la  th é  n e c e s s ity  fo r  . an aeourate  
Imowledge. o f  i t a  resi.at& ncé.* - \
.In. p a r t ic .h la r
. P . - m  . - 4 : . - . ' ; : - ;
r.ttît«3troiC'U2B.iO£5niinrÆïs»ï»-tsa*es«.-»^
Maxlmùm. kPi.
8 ,7  m m A Tim  lE-TSE G'laoniT SEmSITI'
.m TI0. /%'Y^ E # :#B  m  EEaiaT#GE I 8  OITimM,
P =:. R , Eqn# :8 ,5 .5 . g iv e s  -
Mazimum S e n s i t i v i t y  = .
& V 6 I F  + W
& # . i
5"
s  o . t  ha t  -
- . :.:.: . ':: ' - Q.
. Graph .BvB shows: pl#:..:..of l,E^^ . .
:This; curve 8.bowa the. varla.tlon. Ih th é ..eih6td.t:. ;sé^ ^^  
fo r  a p artlG u lar  valùo. o f  .as. I s ' v a r i e d % and .^1'? 
GOn8:tant::f'4 ' \ . . . ; / '
tahle' 'Of f ig u r o s  fo r  t h is  p lo t  I s  g iv 0h :ln  .Appendix %
8 ,8 :T% a? QXRQÎSÏ'S HSED IS  ATTOMHXS BXPESÏ1ÎEÎÎ5S
Ï  j / '  K
FI(r, W heat'ston#
..Fixed. a(%iditi:0nsL .:'=
(a )  In  o r d e r  t o  a c h ie v e  tem p eratu re  com p en sation  f o
ac .tlve . gauge :. .^ .P^ ÿ an e x a c t ly  s im ila r : ';# %  mounted  
on .s im ila r  :W t o r ia l  t o  was usedj, :So 2=»,
' P a: R.' f.0 .r a l l  tests-i,.: . . .
th o re fo ro ' - Q -  8: f o r  i n i t i a l  b a ià n o o .e o n d it l^ ^
(b j To O btain a m agnifloati% 3. f o r  tW  ehange of-; the, 
r o s la ta n e e  on th e  v a r ia b le  o f  th e  b r id g e  
and f o r  o th e r  .reason s g iv en  under .Para:*:
B eeistan o®  Q =  8 was .made — 1.0^:000 , ohmÿ approx., fO r each  
' t e s t . ,  - ' ' . '
;,(aj G#%.va;n0m®t0r' T o s ls ta n o o  for,. 20p,:jDhm. gam.g08
^an omeWr re3%8%aKG@
FW' 'S#G0':obm gamges a
' P %= :R \=  BOOB o'
€W&=ZS533=;A%.\*jf, • -a>^-v-' Cjaa^iiHSSSBaKCaa..
. :' . . e
1BGG0.Z ^ ea l Galnran^omoter r o s la ta n e e  -
AcWal.poncll.tlWK* '  .
From tb e  aW ve o a lo o la t lo n s  I t  oan "be aoen th a t  a 
gal.TàBomoter^ ha A i g  a  r o a la ta n o o  o f  hetween., SOOO. ahd GO0 O ohms 
. w ould. be th e  m ost a W . t a b l e E o w e . v e  r:,, norma 1  o pzmnerola 1  
mo'^ lng. eoll ' galvanometers having anch à high realatanoe 
wonld ha ve a. vez^.A,popr m eohanlG al aen 8 l t lv i t y ^ -  ^ '---Een0:0  j, a . 
stan d ard  G ozm erela l. ty p e  o f  m oving eell r e f  l e o t l h g  ga lvan om eter  
o f  relatively high ro.slstanoa was ordered. -. After waiting 
n e a r ly  tw o y e a r s  f o r  d e l iv e r y , th e  instrum ent' a r r iv e d  h a v in g  
th e  f  o llo w in g , s ^ e o l f l o a t l e n s
Mannfaotnrer Maremil.
.Type - . . 6  - M oving o o i l -.8 p.pt G alvanom eter.
B e s is ta n p e  1500 ohms (n o m in a l) .
S m all S c a le  . . .  14 d lv s . .  at^G r a d iu s  w here
dlvs/mlcro.emp 1 dlv. =1/20 .in. .
.( i .e . ,  l& im ../h l0 rbamp.)'
W h llg t a w a it in g  d e l iv e r y  a n o th er  ga lvan om eter  waa borrow ed  
w hloh had th e  f o l lo w in g  s p e ù l f lo â t io n s
M anufacturer  . . .  G.ambrldge S o le h t l f lC ' ln a t : .
Type . .  .! . . . Spot Galvan o m e t e r A r s o n V a l
movement.
. ^ s le t a n c e  a t  . 652 ohms. ,'
.Small .Scale .i,.. 9.2.5 d iv .  at. 6 ,1  in,,, radlue where
d iv2/^oro,.aR ip. .1 d lv.; .= .2 mm:.
i i v e .  185 mi./miô^amp.}
Another e lm lla r  .Instrument hyE. .  Tins le y  j,. the ep e .c lf lca tS ^
o f  which Were n ot known ,^ was used In some o f the. e a r l ie r  t e s ta
and was a fte r w a r d s  found to. g iv e  ab ou t the.-sam .e..-:.8ensitlvlty a s
'*"he. Marconi instrum ent»
The Re.latl.ve. Sens i t l  v l  t  y o f  th e  part io u la  r e l f  oui t s  u s ed w ith
«g»soniaKarvj<Q>wCattfsyiygîa<3*38as»'g'.i^i«aswÆ>sciiacssg»»rist.r-apnunwryia;:»«a»«
;hé d if fe r e n t  galvanometerB
.) Theo.r.eti.éa.llyCS:;^*garcasCTPJ^Mtwa»sc»rgtaa?tftaCu»ggH«cy«sa n*.,r<w^ .
1.) From e q u a tio n  B .5 ,4  ai%l graph 8 .2
A^ttainable. f r a c ' t i^  o f the- o v e r a ll o e n s lt i .v lty
-. „  3i#  ■
"  9  K  / T r t i
.In - a l l  t e a t s  % =, IGyOGO ohms..'
•■': ' : i
For co n sta n t gauge cu rren t. define: z:
Then . 80.0 .ohm., .gauges .. .:= .p.# 1*98 .k '.
:2Q0O. ohm gauges 18 .3. k' vi62flitstas*tiSSi~V3*Me:is7-u.
Prom Gsmpb -.8;. 1
MUü ohm gauges*'.
Î
1? 4M.l#ncË0ter^^ e ffie len o .y  of GlTOUit . uaihg: O.amb..Zn0 :t .:
'^ T?  ^Galvmaomoter
u
- o f  c ir c u it M arom l I n s t
  <S'K«5f
Q Ohm gauge.gjgjjagstitx?^»aaqv.*£:^àt>^tatfi:'a^Ear«agarti'.'
^1?^Gaivan:oàêt@r ' e f f io lo n o y  .o f  o l r c u l t  .u sin g  Oamb*. l u s t .
% : =  59#
”17’ .Sal-ganejsate:? a f î le îe n e y  of e ii* ea it u sin g  Maspooal ÏB st
( )  . . : y: ' —  8 (#
A stBal f r a c t lo a  o f  tlie  OTGPall B eB siti-c lty  S s
) ohm gauges.. ./ - . ' . . \.
Ga3iÈ).rid:g0 Ihstrum en.t 8^ = l,9.8k^G';05#;
M arconi: Ins'trm iem t =; 2.98[k^Gv8^
k_0
1 .6 5
If-
Prom .sp eG lfioàtlm iB : cTx-TasKcsiaras* •
k._
185
is
\E0iiGe PW)ri,d.g@:.% a e n s l t iv l t ; ;  *^r20.0
M arconi Ih str u m e n t B .@ n sltlv lty  :^26.G0
1.*.66
2 0 0 0  ohm g a u g e s
.5  \ C . B ^Cambridge In stru m en t =  18  
M areonl Ihatrum ent. = 1 8 , 6  3^a*8G^
GaBîbridgê" S e n s i t i v i t y  S^^oQo
M arom l In s tr im e n t  Sem
_  1 0 ,8  .1 0  
14,6:
amBGGO
1 0 ,8  k .G
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M arconi In stru m en t «BsosscîSiaaeeeeaysxsatiy - 3& Êï:,65:
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s
10,8
1 ,2 5
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(0 )  of. Th@o
.. i^mmBiry. o f$ar3A: ratf, ePft=tSJKCTin3wcK-a^Yjac»f>oc%h<ff.»p ac*«nci7Himaag»»,’«
z^ atlea l and ^ znezdm ontal R o la t l
tSet^ ataX.'i»ilOKk<titXeni-rr4i-St>UMt}ra;iSVM!ai'vw»ittry'-Wia/i:in!XJSatr!rpMijJKrx=^r-rrn^,^a:îrt^^
S e n s i t i v i t i e s .e53:5c»5a[*ea*»<itf.i«3u^j*«w;-B*i»KS3aK-w3Wfts*s5saaso
ms fr.pm (;w*sasir.2sir.iSw»a» and (1 1 )
)B'«nLik3u&iwaa*aMgLifef%WTaW».ün=KW'.?f fr«#ZfM^",K^g*afA*,3aa3.azea:%KwnwRa
Item
Aw»'w,"*b w * ^ aaB,«wm*»uwf&nT3noc.%.T.'&ZTi%p3Sü:.%ai KdKqBis5Ks>g‘ •■ s*ytc.a »  w jw :a te*-<=aa*><*pisaBwtt t» y  «
Mare on 1 I n s  t  n m o n t
Cambridge in str u m e n t  
M aropni Instrum ent.
, M arooni In s tr m ie n t  %nBOO0R tt»yi5tSÛSia>S5ti6jmsia6»l«NCa30titaitiÿ«E3ttRfïaVesSs212CatititSÿSï«i=3rii:Sra- . yj -»!-.7r--n?r#«.Tff^ u.^ 'jyyiffl--^ r.iT
Cambridge In stru m en t ^o900
0800
mSOO
dlaoi'ojpanG les bat^yeen th e  e z p e r lm e n ta l and . t h e o r e t l o a l  
s e n s i t i v i t y  r a t i o s  a re  a c conn ted  f o r  b y  th é  fo l lo w in g  p o in t s  :=
.(&) The-' o zp ér lm oâta 'l d o f l- e c t lo n s  g iv en  j, are  o n ly  o o r r e e t  
ab on t '^ 5/  ^ , .,
(b ) The .th ^ o r e t lo a l  r a t io s  .were e v a lu a te d  f o r  200 and BOOOohms 
gauge ro.sl-st.aneeSj,. Mi.ereaa th e  .a o tu a l gai% es v a r ie d  from  
ab ou t 200 t o  '220 ohms ». and .2050 t  o 0150 ohms ,
B e a r in g  th e s e  f a o t s  in  m ind,  th e  t l i e o r e t io a l  form u lae and 
graphs: a r e  j u s t i f i e d ^  'and w ould  be v ery  .u s e fu l t o  an y  
ex p er im en ter  u s in g  W heatstone B rid ge  S tr a in  Gauge s e t s #
The s u p e r io r i t y  o f  th e  Canibridge o v e r  th e  M arconi 
In s tr u m e n t, w h ich  u n fo r tu n a te ly  had been  p u rch ased  p r e v io u s ly ,:  
wa's e v id e n t#  . The .rea.scn f o r  s e l e c t i n g  the. Cambridge ty p e  In  
a l l  f i n a l  t e s t s  is -  th o r e fo r o  j u s t i f i e d  #.
« a V / r ' è c S »
E A p g B R
ÎSSÏS Wim DÎPj?SRElï AHHESX¥ESsattaàW^Xto?*!— «n
%ie/ new s t r a in  - ga u g e ..se t- was read y In  Feb*. "1948 and  
" p relim in ary  -o-OB^resslon t e s t s  on th e  /o m o r e te  . c y lin d e r ^  - 
w hich had. been.'made tw o years- p r e v io u s ly ,  were c a r r ie d  out*
- The D u r o flz  a d h e s iv e  had g iv e n  f # l r l y  good ,r e s u l t s , ,  b u t  
I t  .W&8 d e o id e d  t o  t r y  o th e r  ty p e s  o f  g lu e s  * A h ig h  s o l i d s  
^Durofl%9 (I.aG ol,: cenom t E o.,34ô2) was su g g e s te d  b e in g  v ery  
e f f e c t i v e  on me.tals. and i t  had th e  added advantage' o f  r e a c h in g  
its''mmclmim s e n s i t i v i t y  a.bout two d ays a f t e r  s tic k in g * - - I t  
was r e a l i s e d  t h a t  th e  dampness from  th e  o o n o r e te  w ould a f f e c t  
th o  g a u g e , and so  w a te rp ro o f a d h e s iv e s ,  such a s  s o o l ln g  wa% . 
and s h o l l a e ,  Were tr ied » .
' 9 , 1 PREizHmmmr c o m p i^ ss ion TEST -
(&) Wsln g  Bo& llng Wa% (1 5 th  Feb »'-1948)
. A un iform  la y e r  -of s e a llm g  w&z w&s spread, over  'th e  
G onorete a u r fa o e  o f  th e .o o m p r e s s io r  c y lin d e r »  A f t e r  i t  had se t  
i t  "WAS a g a in  -m elted and an .N*P*L, -gauge pushed in t o  - th e  wa%
i
w h ile  i t .  %:as: s t i l l  , s .o f t .# . T his,...how ever,. proved  a v ery  
un8 .a t l .# a o to r y  method .as th e  wa% a e t  t 6 0  \q u lc k ly ' f.0 r  th e  gauge  
t o  be .seG u rely  a ttach ed .*  T h is  methW^ t h e r e f  or^ ^^  ^ had t o  be  
.abandoned.* . -. . .  .
(b )  % % g. . (1 5 th .F eb *  .1 9 4 $ )'
A q u a n t ity  o f  s e a l i n g  wa% was d i s s o lv e d  ±h m eth y la ted  
e p l r i t  and th e  p a a to  sp re a d  e v e n ly  o v er  th e  GOnéretêc An 
n # P .I ,, gauge was p r e see d  in t o  I t^  b u t t h i s  proved i n e f f e o t l v e  
a s  th e  p a s te  d id  n o t  ^go o f f^  q u io k ly  enough*
( c )  n s in g ,a .  B h e l la e .  P a s te  (.2 :0 th  F e b * l9 4 B } /
Method <= A pa.8 t e  was made by d i 8 so lid .n g  :sh e llà é  pow der in  
m eth y la te d  s p i r i t  ,, .and a p p lie d  t o  th e  specimen.#: . . The p a s te  was 
f i r e d ,  and a s ao.on- a s  i t  had buzmt i t s e l f  ..eut.,., a g^uge was: 
p r e sse d  f ir m ly  i n t o  .th e  .t&oky su b stan ce^  . - :%ià: W  
beoame. hard.#, Af t e r  14 days th e  o émpi^es.siçn:.c y l in d e r  w 
t e s t e d  cm th e  R ie h là  m aohine t o  a a t r e s s ' o f  ..about 1500 I b / l n ^ ,  
and e l e o t r i o a l  m easurem ents tak en  on th e  .gauge. f o r  thr^  
d i f f e r e n t  le a d in g  runs #.
.O bservati.ons » The r e a d in g s  a r e  reoorded .dhi 'A  ^ VI and ,iWB5&^Tva=yp5snwep«za:s4^*-.»fr«A«^  ^ ^
th e  graph i-oa l p r e s e n ta t io n  in  Graph 9*1 .
GOnoluslonS'.' .. « The m ethod wozked o a t i 8 fa G to .r ily ,. a lth o u g h  i t  
was r a th e r  m e s sy , and a d e f i n i t e  u n d esirab l®  h y s t e r e s i s  lo o p  
was form ed on 0 .&o.h loading.»  '
(d ) F s ln g  a Bhella.o, .A lc o h o l .P a s te '
^ The. .proGedure was ld @ at.lea l with'; th a t /In . T e s t  (o )  - 
eZGopt .that , a l c o h o l  was- u sed  as. th e  so lv eh t.v  - The .gauge wa'@ 
a u b je e te d  t o  t e s t  a f t e r  '10 d a y s ,  and- W o lo a d in g , r œ s  w ere, made 
:0b9érvà.tlons -- ' The read in gs, aro reGorded .In. .Appendix VII and 
th@: g r a p h ic a l  .pr.e8'chtatl.on. I n  GrapÈi O.»0 .
C on G lu sim s « T h is  oement behaved In  th e  same manner a s  th a t  
n sed  In T o st . ( c ) . / a W .  a g a in  a h y s t e r e s i s  .loop wag o b ta in ed *
Ce) SM -Ë& gÊA _§<ÉM s_A E:sim .iiÆ Æ ^^^^
. B5rd F.eb*»  ^ .Bth and 1 5 th  Mhroh* 1948' ' ' .
'Method. -«» . The gaùgô was a f f i x e d . a s  In  P re lim in a ry  Oimprosslcm' 
H o.,ly C.hàp.tGr. 5:*. .I t  was. su b j'ected  t o  t e s t  .a f te r  th r e e  d a y s ,  
when one lo a d in g , séquonco was caz'r led  ont,#' ._ T e s t s  were again ' 
inhdo a f t e r  16 .&nd:;;{0S%(days- .r e s p e .o t lv e ly ,  .wh€%.'- .the.:-!%amllt.Gn 
.0em pressom oter ym s n sed ,. .
O b serv a tio n s The. r e a d in g s  a r e  recorded  in . A ppondloes V I I I ,  
.IX .and %. and a g r a p h ic a l  p r e s e n ta t io n  g iv e n  in. "Graphs; 9 . . 3 ,  9*4
.:and.9..^5 . . . ..
Cbnoluslç z ïç ./ *?. T h is g lu e  ga.ve. -very c o n s is .to n t  r e s u l t s  even a t  
th r o e  d ays a f t e r  f . lx ln g *  . The.- 'h y s te r e s is , lo o p  o b ta in ed  from  
th e  o l e o t r l o a l  r ea d in g s  was e z trc m o ly  s m a ll /  and much l o s s  
than t h a t  ..given b y -th c  m ec h a h ic s l Gompresscector./::. The s t r a in  
S G n s lt lv i ty .  f a c t o r  .ob ta in ed  from  two d i f f e r e n t  mn.B was 0 ,2 3 /  
th u s c o n firm in g  th e  f i g u r e  2.#8 th e s e  gauges
w ith  a f u l l y  d r ie d  g lu e *
. The b r id g e  c l r o u l t  appeared  t o  b e  v ery  a t a b l e ,  a s  
d r i f t  ob served  In' th e  o i s c t r l c a l  r e a d in g s  when th e  gauge 
was -sw itch ed  In  for . p e r io d s , o f  up t o  5  m in u tes/, e i t h e r  im d sr  
lo a d  o r  a t  n o  -load., . ' - '
a m E m b o o m b x m io K  -*t3f%a««=»%nua5»WBeKagCrAnA3%a=a;p3*5\^HVT,4r.%:T,r«nf(tc5a
.This e o r le a  o f  t e s t s  showed t h a t ,  
adhoslvom  used.., D urof lX  o r  E lg h  S o l id s
.Thez%o=s@ttl3ag.. a d h e s iv e s  w ere found  .d i f f l o u l t  t^) 
w id e r  o r d in a r y  G .ondltlons.,. and s p e c i a l  -methods ..of f i x i n g  wouM  
have t o  .be d e v is e d  i f  th e y  .were; t o  b e  s a .t i s fa c t o r y  f o r  u se  on 
damp.oonGretO:.
Further.,- therm os e t  tln.'g ad ho s i  Vos w ith  s o lv e n t s  proved  t o  
b e u n s a t is fa c to r y .*  I t  w as n o t ic e d  t h a t  'S h ellac  gave .a 
pronounced h y s t é r é s i s  loop- u n d er  - a  e y o lo  o f  s tr a in # -  I t  a l s o  
proved d . i f f l o u i t .  t o  handle: and d id  n o t  -se t q u ic k ly  enough*
. As a lr e a d y  - s  ta  te d ,. S o lid s: D u ro flx  ga-Ve' th e  b e s t
.r e su lts .,, and' so  i t  Was- -decided to  u s e  " th is  -'glûe f o r  fu tu r e
,  ,  ■ ' /  . ' ■
.te s ts .o .
'O sT'4‘î “J  c a i
C: l î  â  F $ B
îEHg: EïcHîaaiiS: m  æhï? prepah/'higm j i m  e m s i i s n e s  ©f s e s  s i r e
. #qgo»TOt«awgcafaMaftg?tea«awi»s»gw-.î^ g«rOTgaBK8>ag;=satîff<aaat»aBe*ttss^
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"As atatéd  p rev io u sly ,. the operation: o f  .th e  
aloetrlG .al r@slst.ano.0- strain- g&uge i s  .dependent., on the  
effiG lo h cy  of I t s  attachm ent , to  the te s t , .aùzface . . When I t  
was f i r 81. .introduced to  t h is  .G.ountry .iz] th e .early  part o f  the  
la t e  W&r, th is , a sp ec t received'- o.ohslderablo' a tte n tio n  from 
# r l .o u s  .gÇvezsméht. .-esthblls-bmen-ts'. A .oom prehenelve r e p o r t ('45) 
o f  th e ir  f in d in g s ,. 0 .0 vorlng .a large  nmiper: .o f  d if fe r e n t  ' 
ad hesives mid -method#: o,f -attaobment, -was issu ed  by the  
in  .lOm* ' -. _  ^ ' - .
10.^2 m T E H iÀ m .ON. m m ess ..oAii
The above report s ta te s  th a t most-.' o f  th e  ea r ly  
woz^ E wag-, done with, gauges -affixed to  s t ee.l-jm-çhlnêd -surfao.es.#. 
the su b jeo t o f  c a s t  su rfaces the report s ta te s  th a t ,
-they had -no .experience -of f ix in g  -the-., gauges t o  rough
machined o r  caat eu rfaces,. I t  would &oem l ik e l y  th&t u s e f u l ,  
but perhaps, l e s s  accu ra te  r e s u l t s ,  would W  .ob.talncd cm gocxl 
:sa n d -p a st surfaces**'». ' ' . ; /  - '
The teats,carried; out by the author .and described la te r ,  
show thO: p o s s ib il ity  of f ix in g  gauges to  dry concrete surfaces.' 
'.of 'spocimims which,, having been cured :1m w a te r , mere allowed  
to  dry fo r  a t  le a s t  1#. days before any attempt was made to  
êxpezdment on them:. ., No .attempt .was. made to  f ix  the  
hr damp concrete#
10*3 Pm?A#?%:Gm W
The . f o l lW l n g .  .p.aiDts Bhou.ld b e  borne ..In mind : -
(1.) .... "The t e s t  aurfap.e .should b e  made smooth, and f l a t  and.
.. f i n a l l y  s l l ^ . t l y  roughehcd w ith  sand' paper#
.( i l . )  The surface.' o f' th e .  gauge a s  .w e l l  a s  t h e  t e s t  su r fa c e
m ust b e  made 'free  from  grea'ee... -This can. b e  'su G c essfu lly  
done b y  th e  use. o f  a c e to n e  .ju st b e fo r e  t h e  g lu e  I s  
app llod»... .
1Q#4 . CEOIOB OF ADm^ : . ' ' v
: - I t  I s  - d e s ir a b le  t h a t  the- 'a d h esiv e  -should -have
th e  foll.(M lm g. f e a t h r e b  T"" ..-, ' .
. ( i )  I t  m ust W  ea.sy t o  apply... :
.( .ii)  I t  m ust aoM oT e..,constan t c o n d it io n s  .as soç%- a s - 'p o s s ib le ,  
(.111) A b o v e ..a l l ,  . I t  m ust obey Eoo.ke% 'Iw#..
A .number' o f  a d h e s iv e s ,  we re  t r i e d  .(aoe Para.,. 9 *1 ) as  
a r e s u l t  o f  w h ich  ., à e e l iu le s .e  -a e e ta tê  s o l u t i o n ,
proved  th e  m ost m a t ls fa o to r y  o f  th e  oG M ^ settin g . ty p o s  * .Of 
th e  th e r m o -s e t t in g  types:: th e  de E h o tln sk y  eem en t, ( b a s i e a l l y  
s h e l la .o )  i s  th e  m ost .popular* . .I t  r e q u ir e s  .the t e s t  s u r fa c e  
t o  b e  h e a ted  tq  .lSO'^O, w h leh  w ould be  .ra th er  d l f f l c a l t  t o  
ob ta iD  w ith  la r g e  e o n e r e te  speeimezis.# " . . : - .
c o n d itio n s: can  be. assime.d. t o  h ave  been  reached  
w it h  'Duro f  1%'^  "in. ab ou t 7 t o  .10 days: medium' tu m id it y ,
w h ereae th e  th e r m o -s e t t in g  typ .es a re  read y  f o r  u s e  on c o o lin g *  
C on tact w ith  .the E .P ...1 . and th e  -BùÜ'dlng Beaearoh'
S t a t io n  was. .ma.de:. .by th e  a u th o r  ..in May and O ctob er, 1946  
respectlvely .# .:. The. foz^ner G.ons:id.ercd .the prosp .éct o f  th e  
a tta ch m en t o f  gau ges t o  .conorote  y .po.or* The B n i.ld ln g  
NeSea.reb. S t a t io n  on th e  o t h e r  hand, c o n s id er ed  .th a t i t  m ight - 
b e  p o s s ib le  i f  th e  t e e  t in g - was. c a r r ie d  ou t :cn d ry  e o n o r e te  #
A .c r it ic ism ' o f  th e  u se  o f  t h i s  g lu e  i s  th a t  th e  .c e l lu lo s e  
a c e t a t e  s a l â t  io n  in  a c e to n e  h a s  a  h a rd en in g  ê f f e o .t  on th e  
c o n c r e te  . T h is  phehomozion . was used  b y  t h e  .B u ild in g  Re.se&z'chSfn, 
(1 9 3 4 )  t o  harden: th e  s u r fa c e  .of .conG rete un der .th@ k n if e  ed ges  
o f  m ec h a n ica l exteneom eters.,.- and .eo p rev en t, cru m b lin g  and.  
r o s u l t a n t  . s l i p .  . ,  ^ ^
' : - 1 0 0 - :
1 0*5  .. m m A B  im m oD  ;n8ED a z  Œ  AimioR-FOR GEMTiwG
A pplloatlcm :# The f o l lo w in g  proced u re was: c a r r ie d  o u t g-
(a).  A r e a so n a b ly  sm ooth p o r t io n  o f  th e  epebimeà- was - s e l e c t e d  
In. w h ich  t h e r e  were- few  b lo w -h e le e *
(b ) The e u r fa e e  was th en  robbed g e n t ly  w ith  eând-p&per- to- 
roughen t h e  t e x t u r e  and a le e  t o  make I t ,  a s  fla t'"  a s
p o s s ib le *
( c )  Any sm a ll h o le s . In  th é  a r e a  s e l e c t e d  w e r e - f i l l e d  w ith  
p l a s t e r  o f  P a r is  and th e  s u r fa c e  a g a in  rubbed down#
(d ) . A cetone: was -next- rubbed .on t o  ta k e  o f f  any gr@â-@e.. .
. ( e )  As- th in , -a, -co^t .a# .gOBslblo; o f  S igh . B o lld s  .D u ro flz  was 
a p p lie d  and l e f t  t o  dry#  .'.
B e fo r e  a f f i x i n g  t h e  -s tr a in  g a u g e / th e  .ézact p o s i t io n  o f
the. w ir e  -in.- th e  . gauge was marked ,-:im Ink.,., m  th e  to p  s u z fe c e
by h o ld in g  i t  up t o  t h e  11 ^ t  *. The gauges su p p lie d  wero
u s u a l ly  .p re-ooated . .w ith  -ordinary Duroflx.#- Eôwever,. i n  t h i s
p a r t i c u la r  -c a s e /  .the aeleo-téd.- gauge was w iped w ith  aoetone- t o
remove any g r e a s e / , due t.o  h a n d lin g ,, and,..the .under ' sn-rfaoe was-
g iv e n  a  th in - o.cMziting .of H igh B o lld s  D urofix#.
.A fte r  ab d h t 00  znlns:.#,) when th e  ^Ine on -both t e s t  s h r fa o e
and gauge had.'dried»', a n o th e r  coatin g ., o f  .'glue was g iv en  t o  th e
t e s t  s u r fa c e  and', th e  .gauge was d ipped , 'in  ; a ceton e . &o a s  t o
-render I t  ân p p le  â-s .-well a s  to  .so fte n  th e  .g lU o -f llm , I t
was th e n  p r e sse d  firm ly.-.on .to  the- o .on crete ,. covered  w ith  a
p le e e  o f  b lo t t in g ,  paper., and p r e sse d  outwards, fz'om th e  c e n tr e
-w ith  .thé th m n b .ln  o r d e r  t o  sq u e ez e  -out surpl%@ -glue» &hd a l s o
t o  avoid, any a ir -p o ç k e t s *  A fte r -a b o u t. 2 p r e ssu r e
w ith  th e  thumb was. r e le a s e d  and. th e  ivlTole l e f t  to- dry f o r  
7 days o
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. 33ie o i r c u l t .em ployed r eq u ire d  two lon g , le a d s  
from  one gauge w ir e ,  and -one s h o r t  m e  from  th e  o th e r *  -(See- 
Pa-ra 7*1)':# - D i f f e r e n t  o o lo u r a  were- ch osen  f o r  th e  s h o r t  and 
lo n g  le a d s  t o  f a c i l i t a t e  Id e n tif ic a t io n -* ; . .--Thé'.'1'eads were  
a o M ered  t o  th e  gauge a s c a r e f u l ly  a s  p o s s i b l e /  a n d ;t in n e d -  
-spade ter m in a ls , wore '-soldered t o  t h e i r  : fr é o  ends .  They w ere  
th e n  I n s u la te d  from' th e  tea 't ' a u r fa ee»  ahd: a'is.o, from each- o t h e r ,  
a t  th e  -b a re .-jo in ts  .by W ell c o v e r in g  w ith  in s u la t in g ,  tape-*
T h is  method of' c o v e ^ i^ g ,  a s  d i s t i n c t ,  from  th e  .sh eath  method 
h e lp ed
( I ) .  To p r e v e n t  -a d if fe r e n c e -  - o f  tempera'tnre. b etw een  th e  two  
so ld e r e d  jioiht'C' .w hich would' .otherw ise, .cause. -thezm o-  
e l e c t r i c  . . / . . -
( I I )  To p r o v id e  a. su p p o rt .for  t h e - le a d s  In  cas®  , o f  an 
a c c id e n t a l  tu g »  w h ich  m ight ho- tr a n sm itte d  to . -the ga-uge
.0, H ïeîE C ïïG H  m  Gâücs;-' ■4'«»yrrag:«g'Ulg;wcaqcTKaacnfl>3S
, When th e . gaugQ: was f u l l y  d r ie d  o u t and a l l .  th e  
330.Gés,38ry d e t a i l s  r e g a r d in g  .p o .a lt lo n , r e a l s , h a d  boon  
o b s e r v o d . I t  was: c o v e r e d  o .om p letely  by . a. t h le k  ç a r t r ld g e  p ap er  
In  o rd er  t o  e x c la d e  d r a u g h ts .
F in a l ly »  when t h e  gauges w ere rea d y  f o r  u b d , th e  speelm en  
was shrouded w ith  c l o t h s ,  and i e f t  In  p o s i t io n  I h  th e  t e s t i n g  
m achine f o r  a s  lo n g  a s  p o s s ib le  so  a s  t o  en su re  t h a t  s te a d y  
tem p era tu re  o o n d lt lc n s  w ou ld  p r e v a i l .
10*8 mTCEING THE GAITGES,«a,ht,A&*WWTa:ff -zH'-'-a'f * ir.36;szsag>-^ w>»rrygia
The gau ges , a r e . su p p lie d  , àtam ped ^  
r e s le ta n ç G  value:,..-Which l.e .pre.sim ably c o r r e o t ' .to  .t  
"ohm a lth o u g h , o co 'à sib n & lly , one or  two . we:re^ ^^ .'f^  t e  b e  
I n c o r r e c t ly  marlced .  M atched p a ir s  can th u s be I d e n t i f i e d  
b e fo r e  a ffl% ln .g ;t.e  th ç  .àpeq-lm - /  \ .
A f t e r  8ticking,..'and a l lo w in g  , a su ita b le :  .period  f o r  th e  
glue, t o  s e t  h a r d / th e  .gauge, r é s ls ta n c e à .. were.- ^  In
s e v e r a l  exp erim en ts,.. .T y p ica l r e s u l t s : w . o r e . - .
T o rsio n  specim en...
Gauge Ifimbcr
_ aatM n'i,iwi.iji«in*«M^
5 2 r
Harked R esistances' 
(ohms)
212 ■212 SIO •
Measured R esistan ces  
(ohms) .S î ï ï^ 012.8
e e s .s j g
o 4
211
'O
83.2.4
ta»jmte<gSjaso3SMKnt.T.tf'<*
.1 0 5
Marked: R e s is t '  
. amqe (oWm:)
.B easürW
:'2 ,1G i 1 
210 .1 :810  211
iaa<«*ir*ff»»r?’iffmtt»r;v*Tr.i»-.ta5K.-a6r..-iCri'tffrM>TWar»’»s<g
811
9
9 ]2  211  I
g:09,.8 810.3 2096.4 812..0:: .210^9 210 I9T1.
i^sarwaroanarmiaanapawtittowcaca
As th e  b a la n c e  r e s i s t a n c e  w i l l  accbm iQ âate c n ly  50  chmSg 
t h i s  r@<iulrçd t h a t  8 0 0  ohm gange p a ir s  shbnM  n o t  d i f f b r  by  
more than 1 ohm. Thns i t  i s  b y  no moans c e r ta in  th a t  a pa i: 
o f  gan ges marked, a s  o q n a l r é s i s t a n c e s  w i l l  be s u i t a b l e  a s  a 
.p a ir .w hen  a f f i x e d  to ,.a  sp eo im on . '
.E..R.,,:..Jone,s (5 2 )  f in d s , t h a t  th e  r e  s i  s ta n c e  o f  à g^nge 
In oroases' b y  an amonnt o f  t^ e  .:ordcr .0.*1 t o  0 . .^  a b o w  i t s
o z d g in a l t a l n e .  . in ' s t i c k in g  t o  à  t e s t  stæ facé-,b@ca%ge:.o^ 'î?/wX.sn e
.TTolnmo ch a n g és  in  the. gango p ap er  in v o lv e d  by the} ox.change. and 
su b sêc n c h t o v a p o r a tio n  o f  th e  s o lv e n t  in  th e  ad h esiv e" #  The 
m agnitude o f  th e  change i s  v a r ia b le  due t o  d i f f e r e n c e s  in  
téc h n lq u éÿ  b u t  W o .gau ges,  i n i t i a l l y  eq u a l;- 'may:-'.dlffor' b y  a s  ... 
much. o f. t h e i r  o r ig i n a l  v a lu e .  The-need, f o r  a f f i x i n g
a l l  gauge's a t  th e  same- time.^ and by c x a o tly -b h e  sam e .method^ 
i s  th e re fo re .-V e ry  obvious.:
In' - th e  e a r l y  t e s t s . ,  one dim ay was .made- t o  serve-,.' when 
po8.eib lè,.- f o r  s.ever-Al a c t iv e , gauges,:, b u t this., arrangem ent g a v e
c o n s id e r a b le  s e r e  d r i f t .  T h is  was duo to  th e  dummy rem ain in g
'In .o l r o u i t  f  or  a ' time' - and th u s .beCQWing * h o t \
w h ereas - each  a c t iv e :  gauge was aw ltohedf-iâ  ^c.old^ ' so- t h a t , .  
I n i t i a l l y  t% perat% re compemaatlon w&a.' l a a t »  - An eoomomy ln . 
gauges w as e f f e c t e d  by f i x i n g  a l l  o f  :th@m to . B .ctual t e s t  . ' 
.specimensY«, :In t h i s  way th e  g a u g es on one specim en  c o u ld  
.serve  a s  dumiy gauges when a n o th er  specim en, was t e c  t e d ,  and - 
v ic e  v e r s a ,  u n le s s  u n lu c k i ly ,  f r a c tu r e  oocurrcd  a t  one o f  th e  
gauges.^.
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H aving found m atched -p a ir s , th e  gauges w ere  
n im b e r e d .to  co rresp o n d  w ith  t h e  te r m in a l humhers on th e  s e t .  
The f r e e  ends o f  th e  t h r e e  lead s, from. ea.ch gauge had t in n e d  
spade 'tozWüa'als so ïd orcd . t o  them ,and  each  was l a b ç l l e d  w ith  
-th e  .gauges number.,. T h is  a v o id ed  .co h fn s ic h  ^ d .  saved  .tim e .in  , 
..tr a c in g  .faults:*. .. ; . ,  '
The. a c t i v e  h ^ ,. dummy gauges, w ere t h e n . co n n ected  t o  th e  
: a p p ro p ria te , torm lh a ls: on the: r o a r  p a n e l .o f  .th e  s  and a l s o  
'.to a" s in g le -  .common- term in a l- .p late, mounted, 'hn; aL.hl -of wood 
and .piac.-ed a.s c lio se  .as. .p0 8 :8 l"blo to. t h e . .t o s t  sp ec im en ,  a s  w e l l  
-as t o  th e  .dum y spe.G.iimn:*. , T h is  a c te d  :as.''gauge ..and. duim y  
common p o in t. (B eé schem atic: c i r c u i t -  d iagram  P i g .  = ?  .7 )
. A v o l t a g e ,  s u f f i c i e n t  t o  .g ive  a. gauge c u r r e n t o f  .16. 1 8
m illiam p g:, w as th en  a p p lie d  /to  th e  c i r c u i t ,  a:nd #  check  mado 
f o r  f a u l t y  co n n o cticm s by  s w itc h in g  W ic k ly . th rou gh  a l l  gauges
a n d , a t  t h e  same tlm ® ,. w a tch in g  th e  à jm eter . r e a d in g , Eér- 
I d e n t l c a l  gauges t h i s  s h o u ld , of. c o u r s e M v c .  rem ained o o n s ta n t  
8 0  t h a t  extreme: v a z d a tio n  In d l.ca ted  & fault:..' -
The a c t  w.as sw lteh o d  on and l e f t  tO warm un» f o r  a t  l e a s t  
an h o u r , w ith  th e  h e a t in g  reslsta n G eB  In  c i r c u i t . .  D uring t h i s  
p e r io d  a l l  th e  g a u g es Were C lo s e ly  covered  w ith  p ap er  o r  f e l t ,  
and %3heneV@r p o s s i b l e ,  th e  w h o le  s e t  and specim en s w ere shrouded  
w ith  a t h i c k  c lo t h  t o  p ro v en t d r a u g h ts .
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. I t  was found, th a t, i f  r ea d in g s w ere ta k e n  on th e  
f i r s t  s t r a in in g  and .unst r a in in g  .o f  th e  .gau ges, ..there, was' a 
.s c a t t e r  o f  th e  re.ad lngs .and a z e r o  d r i f t ,  .w h ich  i t  seemed, 
unroa.sonahle. t o  a t t r ib u t e ,  t o  permanent, s e t  in ' t h e ,  specim en., 
owing t o  th e  low  lo a d  t o  w h ich  I t  had been sub jo e  t e d .  On th e  
n e x t  lo a d in g  and, u n lo a d in g ,, the- r e s u l t s )  w ere  .more- r e g u la r  and 
.the sorO  d r i f t  sm a lle r ,:  .. .A fte r  a b o u t fo u r  or  f i v e  r e p e t i t io n s  
th o s e  e f f e c t à .  .wêrê.'ni^S^^igibie' and" i t .  'became th e  ho]m a.l p r a ç t i ç  . 
in  a l l  f u t u r e  te s t s :  to: (czcro iso '.f th e  gauges, b e fo r e  ..hse*.
T ills  phenomen.bny ha.S: been  observc^^ Gibbons (2 7 )
.c la im s t h a t  by  n itrO '"G ellu los8,.qem ont,p& ^ ' ' ...
s t r a in in g , up ' t o  a  s t r a i n . o f  . 8..$4 :.%. and .hnstrain lng.,^  th e r e
may b e  @% d r i f t  o f  8.$5 t o  5. #5 -% 1.0 A f te r  the. n e c e s s a r y
z e r o  o o r r e c t io n ^  the. sor.o. d r i f t  %. th e  n e x .t . .lo a d in g , eh o u ld  :not 
b@more.: th a n  #»5:'tO' l^ ^^ 10"^ :^., G o n d ltim lh g . o f  . th e  gauge
<=3.08=»
w i l l  reduce. th e  h ÿ s te r e e la . e f f e c t s  to  n e g l lg i h lo  valaioo-..
EdE* Jon es (5 2 )  s t a t e s  t h a t  on th e  f i r s t  s t r a in in g  and 
r e le a se '., th e  .zero, w i l l  move i n  th e  d ir e c t io n  o f  th e  a p p lie d
'H ■
s t r a in  e , g .  F or  a s t r a in  o f  2 «6 x  the: serO' d r i f t
co rresp o n d s t o  à  s t r a in  o f  3 x  10^^* R epeated lo a d in g  a%Ki 
u n lo a d in g  some ten  t im e s  w i l l  b r in g  th e  gauge t o  a  c y c l i c  
s t a t e  and red uce d r i f t  t o  abou t 1 % 10^^ ,
T h is  e f f e c t  mày h e  due t o  h y s t e r e s i s  In  th e  specim en or  
t o  lockedc;.up s t r e s s e s .  D i f f i c u l t i e s  on t h i s  l a t t e r  p o in t  
h ave hoGB found in  w elded  s t r u c t u r e s  w here i t  i s  u s e l e s s  t o  
t e s t  b e fo r e  ^ ex o ro is in g ^  th e  specim en* I t  i s  p o s s ib le  t h a t  
v ir g in  c o n c r e te  specim en  r e q u ir e s  .& fe w  p r o o f  lo a d in g s  t #  . 
a c h ie v e  a s t a t e  o f  e a se ., ^
1 0 ,1 1  BAIAimiNe.TEE G-ZROmTS,ni*SH I mtgft'ir WTsaa
''A fter  c o n d it io n in g  t h e  gauges.^ a sm a ll load was 
put on th e  specimen. In  o r d e r  t o  tighteh=^up a l l  .components*
The h igh  re'Sietanoe- -aisaa were , so t  a t  Q; = 10080 ohms and 
B: .(.100.00 "h s )  ohms. The. value, o f  was chosen .so that
nozmal chan gas in  th e g.a.uge re s is ta n ceg  whëther up or down, 
could be mco..pmnodat0d on th e  .?*% Box w ithout in trodu cing  
. errors by a lt e r in g  th e  10,000 or- .1,0.00 .ohm d ia ls,.- This was 
ad v isa b le  as th e  c o i l s  Were only guaranteed to  be co r re c t  to  
w ith in  .p.:,l  ^ and. hence, the.- u se  o f  th e 10,000' or 1^000 ohm 
knobs, when measurlhgj,. might lead  t o  con8id.erabl.e: inaccuracy*
The b a la n c e  r e s i s t a n c e s  w ere then  a d ju s te d  f o r  each  
gauge p a ir  t o  ob ta in . I n i t i a l  oontrO z e r o  r e a d in g  bn th e  
ga lvan om eter  sca le.* ,-
When a l l  th e  re  s i  s ta n c e  $ had been  s e t  ,  th e y  were q u ic k ly  
r eo h eo k ed , a f t e r  w h ich  g r e a t  c a re  was tak en  t o  a v o id  to u c h in g  
or j a r r in g  them .
1 0 .1 2  KSTmGBROOEDnEB .
As each  c o n d it io n  o f  lo a d in g  was a p p lie d  t o  th e  
sp ec im en , th o  s e t  was sw itc h e d  r a p id ly  throu gh  t o  each  gauge  
p a ir  i n  tu r n , and the. change o f  r e a d in g 'in  g iv e  z e r o
ga lvan om eter  d e f l e c t i o n ,  was n o to d . I h e  d m s l  o f  th e
c i r c u i t  was su ch  t h a t  th e  a b s o lu te  z e r o  .was.-.nbt .o b ta in a b le  
w ith  th e  s m a lle s t ' in c r e m e n t  p o s s ib le  on .resistanc^^^
( i . e .  one ohm ), Henco th e  d e f l e c t io n s  .left:^%  o f  z e r o
f o r  2  1 ohm on w ere a l s o  n o te d ,  s o  th a t  in t b r p b la t io n  o f
.ro o ista n co . va lu e -w a s .p o ss ib le^ ,' Tho accùrh.ç%^ ^^  ^
p o la t lo n  dépends'/ oil th e  a c t u a l  s  on s  i  t  i  v i t  $  /of. 'thei- c i r c u i t  
OErploycd, F or th e  p r in c ip a l  t o s t s ,  th é  acbur^ th e
'measurement .o f  (5^ .) was. -t- '0.03 ohsks-:. -
Whm e x p o r io n o e d ,. an o p e r a to r  w i t h / t h e  a
c l e r k ,  can  rea d  t h o ; I 2  gauges in  ab ou t .4. i5d.nùt'0B
1 0 .1 3  EEBrnTB; Hg'^ feaaacafjsayA.-.»c8)c««M.T»=
. ( i ) '  Olerlqal. M^
. .Ihiidng. t h e  GOurse- o f  a. t e s t ,
I t  was q u i t e  nidzsml t o  o b ta lh  .s e v e r a l  
The. a y s W o k i n g  o f  th e - .r o s u lts -w a s  
e s s e n t i a l , . . r e a d i n g s  hàd .'W  im p id ly ,
and m ich  m la c e lla n e o u s  d a t a ,  suoh  a s t h e  # W u i t  c u r r e n t ,  
th e  ' tlmo^- m ech an ica l, cxtcns.om ctor .read in g ,- o f
th e  sp G oim ^  e t c * ,  had t o  b e  r e c o id c d  a s  th e  t é ô t  
p r o c e e d e d . I t  was th e r e fo r e  fo im d t o  b e  cb n ven l to
have a. p r in te d  f  oim. made b u t w ith  a p p r o p r ia te  column 
h ea d in g s under W hich th e  r e a d in g s  could , b e  booked . In
a d d it io n  colum ns Were p r o v id e d  f o r  red u c in g  th e  r e a d in g s .  
T hese s h e e t s  th en  fo is ic d  & c o n v e n ie n t  com p lete  record  o f  
ea ch  test..*.. . _ .
A t y p i c a l  oom pleted  form  I s  shown In T ab le  1 0 .1  
(11  ) O p e r a tio n a l Method
..I t  was. found  t h a t  o p e r a t in g  the' s t r a in  "^^uge- s e t  
c o m p le tb ly  o ccu p ied  one exp erlin en ter .. The m a n ip u la tin g  o f  
th e  t e s t in g ,  m achine and th e  r e c o r d in g  o f  a l l  d a ta  was 
c a r r ie d  o u t by  th e  co= ad ju tor6
I l l
SHEET 2^ EXPERIMENT combened bendhtg & toesioe test
L o a d
T *  =  3 d i v s  
B .  =  3 0  fc&.
V o l t a g e  9  V o l t s  
R E M A R K 3 .  C u r r e n t  ( C i r c u i t )  19,5  m , A .  
C a m b r i d g e  G a l v o
D x a l  G a u g e s  ï o , 0 0 0
L O a j d
T ,
B ,
Kechawicau.
M&ÀSUR.EMENT 
O F  STRAIN
U p p e r  9 4 * 1  
L o w e r  3*5
Hfc'CHAMJCAU. 
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O F  S T R A IN
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L i
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CA.t<ÏBE&ïïîffl :0F GAÏÏGES 011 S:ÎBEI. SÎEGÎM33ÏS:
1 1 .1  BWS'««iT«fnatfatta3gr»»»B-««rja3wgTsaat»«»q«S3a3rgai •
ÎW rim ily  s t r a i n  gau ges eazm ot be s u e a e s s f u l ly  
removed a f t e r  th e y  have b een  f ix e d  t o  a su r fa o e *  In f a c t ,  
i t  has been  s a id  t h a t .  I f  a s t r a in  gauge 0%  h e  removed frm a  
a t e s t  s u r fa c e  w ith o u t  dam age, th en  i t  i s  n o t  s e c u r e ly  cem ented  
E ence i t  I s  n o t  g e n e r a l ly  p o s s ih lo  t o  c a l lh r a t e  each  gauge  
h e fo r e  use*. , .
% e a s s im p tlc n  sm st th e r e fo r e -  h e  made th a t  a l l  gau ges  
s u p p lie d  in  a  p a r t ic u la r  h a tc h  a r e  e x a c t ly  th e  same# That i s ,  
' th e y -a r e  - a l l  .o ff th e  same, s p o o l  o f  w lro  and a r e  made h y  th e  
same o p e r a to r  under th e  same c o n d it io n s #
I f  one o r  tw o gauges from  each  b a tc h  o f  sa y  16  t o  20  
c a l ib r a t e d ,  th e  gauge f a c t o r  o b ta in e d  I s  assum ed t o  a p p ly  
t o  th e  c o i^ p lete b a tc h  o f  gauges #
The f e l lq w ln g  c a l ib r a t io n  t e a t s  vmre o a p r led  ou t by th e  
a u th o r  on s t e e l  sp eoim ens a t  th e  R oyal H&val C o l le g e ,  G ro e w io h  
The gauges- w ere talc on from  th e  b a to h es  u sed  ih  th e  -een cre te  
t e s t e ,
Ob j  e a t  « The B tr& ln .a  e n e l t l v l t y .  f a c t o r  ;..\0 a gauge
I s  oonveniently defined àç :the fraction a l bhW'gO /ia reaiatance 
p e r  u n it , s tra in .*  ,: .
•ftfeaBW.KSSto
i ,® . .  s .a j ? , .
Thl.s f a c t o r . . i s - h o z ^  q u oted  f o r  th e  .gauge , s i t u a t e d  
a lo n g  th e  a x i s  o f  a u n i « d ir e c t io n  e t r e s s  f i e l d .  I f  th e  gauge  
h as an a p p r e c ia b le  c r o s s  s e n s i t i v i t y , .  thO'.,5,6:8..F ..:-s-h0 u ld  be  
m easured on th e  m a te r ia l  on w h ich  th e  gauges are  to  be u s e d ,  
or..a c o r r e c t io n  made f o r  th e  d i f f e r e n t  Polesoh-'%3 R a tio s
8 é e  Para:
Thus to  o b ta in  t h i s  f a c t o r  th e  change y r e s i s t a n c e  o f  
.the gauge m ust be: .measured f o r  a  Im own., s t r a in *  .
1 1 .2  (a )B E m ,METE.pD .« P ou r  .P oint Ib a d in g *
Theory.. - ' : .cfyjc;cvAtarJTO«M*::r.a .
G on sid er  a u n iform  beam s im p ly  su p p orted  and lo a d ed  w ith  
o o n o o n tra ted  lo a d s  .as shown- o v er lea f.#
w  \ V w
I» »•* Fn.gi|M >1 m
B.M . JXLagpam
jB'IG* 11*1  Ib a ^ zig , &-ri?ang^emt A r  S W e l Beacisz;<r#tiift;ffi*M»SArtksittJRUr;eiye9s3« :
T h is i)ro% G 0s a ' t m lf  o ï^  W n d ln g  .movement, .o v w  th e  - çentr®  
aeotiom *. aW. th e  beam "bends t o  a. Glrob:l&r airo o v o r  t h i s ,  
section'*: . . :
fFrom th e  th e o r y  of' hendlm g
r
B
S tr a in  o -  f  h• &&a# •*P*‘ gpS!>
B B
\ /
/
V  /
'C2E ^ S  ) i
I f  th e  d .e fieo tlcm  l a  sm a ll
3  h S  
L'a
PIG, l l . : 8  Go, erne try  o f  S trained«Tû’JMCJiA'XtVïg'jisA-.n^.'rr. «tor ptircu» .
Beam.*
■dà
Lsaax* u
F ** E q n ,l l
d  d e^ th  o f  beam .
^  «  W n tr a i  d e f l e c t io n *
. .Thw. I f  a s t r a in  . gai3g0. l a  a f f l z e d  t o  th e  beam iM' & 
lm ^ .t% d in a l  d ir o h t lo h  anyighere:^ .W^  th e  sn p p .orts on th e  to p
or bottom  a iir fa ce  I t  w i l l  s n f f o r  th e  same o tr a in *  T b ls  i s  
G onVehlent a s  I t  a v o id s  o a r e f n l  p osi t io n in g  o f  th e  gang®.  
A nparatns*
The apparatna o o n s is t e d  o f  a ù n ifozm  m ild  s t e e l  beam 
30 in o h e s  x  8 In oh es x 0 .3 1 8  in c h e s  w h ich  was su pp orted  on 
gronnd- hardened s t e e l  k n i f e  e d g e s  * T hese were c a r r ie d  on 
movËbie , su p p o r ts  on a  r ig id , bed p la te* . Dead lo a d s  w ere  
a p p lie d  t o  th e  ends o f  th e  beam t h r o n g  a d i s t r i b u t in g  bar*
The d e f  l e c t i o n  was m easured b y  a 1 /1 0 ,0 0 0  in c h  Ames C lock  
.:..'Gange w hich  was. moim.ted on a r ig id , standjn^^w  p la te *
A mnlti^Ghann@l v%^  ^ ^ n g e  s e t  was %sed f o r  th e  G le o t r ic a l  
measurements,*
.;:::.Method, .o f  T e s t in g ... ..- . ^
" . .The .gang® w,as .\si.tnated In th e mldd.lev.,% CODnected
.in to  th e  s tr a in  :gange circn^ .in the nsnal.mannW  ; !^ho dosmy 
.gàngo was a matched .:partner o f  th e  activc\:ghnge^.*^
' - a f f i z e d  to  a  . b a r  .o f s i s d l a r  m a t e r ia l  . w h i c h i n  c los©
.': prozlh%it]r t o  th e  , beam* The r e a d in g s
;:: an d  th e  o .lec tr ich l:':S  ÉBasurements/^.-wo n s.ln g  a .
n n .ll .mothod' f o r  each' lo a d , in c re m en t dnr&^^ aM  n n lca d in g .
By in v e r t in g  th e  beam and repeating,.:the.\ t e s t  ^  th e  
s e n s i t i v i t y  f a c t o r  was o b ta in ed  f o r  b o th  th e  g a n g s t e n s i o n   ^
..and th e  gan gelh '.-b ^
The r e a d in g s  f o r  th r e e  se p a r a te  o a l lb r a t lo n s  b y  t h i s  
m ethod a re  g iv e n  in  A p p en d ices X I , X U  And 
F or G rap h ica l p r e s e n ta t io n  s e e  Graphs 11*1 and 11*8  
R esn ltg .
T e s t  N o* l , BGO0 ohm B*T*0* g&nge Type BB/A/7
GWge in  t e n s io n  '8..B:,F'* a  8 .8 7  
Gange In  com p ression  S:*8.*F\ ' s  8*33  
T e s t  E o*8 800 ohm B ,T *0*_gange Type 8E /A /87
Gange ,I n  t e n s io n  . ,^.&*F-* =  8*87  
.. Gango. I n  compr0-8S i o n , : . '= 8*87  
T e st E o .3  800 ohm B.T.G* ganges Type 3E/A./87
aTTr.Srr»rr^'‘“^ vraiiAsatlSaittsWS9»ifa^MX^±iia<t:staKVW inm*TtaaM6%laaMagi!m*34 m ^ i^  V  T . *
.Gange In  ten sio n : . = 8*85:
Ga.nge . ln  oom p resslon  B..8.*F *. = ,8 .1 4
miho c lo s e  agreem ent hetWGon th e  d i f f e r e n t  c a llh r & tlo n e  
I n d ic a t e s  t h a t ,  under th e s e  c o n d i t io n s ,  th e  8000  ohm gauges  
have an a v era g e  s e n s i t i v i t y  f a c t o r  o f  8*30 and th e  800 ohm 
gauges one o f  8 .8 7  The d is c r e p a n c y  In  T e s t  N o .3 may he due  
t o  a  d i f f e r e n t  th ic k n e s s  o f  g lu e  f i lm .
F a u lty  I n i t i a l  h a la n c ln g  I s  r e v e a le d  b y  th e  r e s le ta n c e '»  
lo a d  c u r v es  n o t  p a s s in g  th rou gh  th e  o r ig in ^
1 1 .5  (b )  ÏÏEîîSI® ÎKSSa; MEÏHOD
The gauges are affixed  to  a te n s ile  specimen of 
3aiomiYoung^o McKiulu8 of E la s t ic ity  (B).
. Then
B tra ln . / e; = &EEÊ ... i
Area. '. B
The- d if f ic u lty  of the method l i e s  In obtalEdJig a pure 
a x ia l pull* However,  the e ffe c ts  o f bending, due to  non^axlal- 
loading g imy be minimised by Wo id en tica l gauge^ on
the specimen on opposite fa çèc . The mean of the two e leo tr lo a l  
8,tra in  readings QiOrresp'onds to  :the average stra in  on the
A pparatnS'
T h o B illd . s t o o l  spooiM çn waO: o f  r e o ta n g h la r  s e o t lo n  
a p p rox . and p a r a l l e l  o v e r  .à le n g th  o f  5  .inçheB. (^ eo  
. A ppendix .X i^k T 'lg ^ il *10) . The: ohda w ere  e n la r g e d  t o  .one in c h  
and th read ed  t o  s u i t  th e  "ball and so ck et- j o i n t s  p ro v id ed  f o r  
g r ip p in g .th e  speolBien .In the: t e s t i n g  machine.* -The lo a d  was 
a p p lie d  throu gh  a  5 to n  s i n g l e  lo T e r  Bucktoh T en siie^ G om p resslon  
T e s t in g  M ach in e, w h ich  was hand d.rlvon th rou gh  g ea r in g *
A 4  In ch  Gambridge E ztO nsom eter was used  a s  th e  m ech a n ica l  
moans o f  s t r a in  me.aBWemont. - . -
Method
.gàugeé were: situated axially .dlre.ctly Opposite, one. 
.another tm the: % Inch fa'cea of the s.p.eolmen and we.r@ connected
I n t o  s e p a r a te  on th e  m iltl«^ ch an n el s t r a in  gauge s e t#
Dimaiy gau ges from  th e  same h a tc h  a s  th e  a c t iv e  g a u g e s ,  w ere  
a f f i x e d  t o  an u n s tr a in e d  s t e e l  b a r ,  and w ere p la c e d  In c lo s e  
p r o x im ity  t o  th e  t e s t  specim en* The -specimen was f i t t e d  I n to  
th e  b a l l  and s o c k e t  j o i n t s  in  th e  m ach in e , and a 4  In ch  
Cambridge. E zten aom eter  a tta c h e d  t o  en ab le . %nng^'s' Modnlnh t o  
be determined*..'
s t a r t i n g  fi*om a sm a ll i n i t i a l  t l^ t e n lh g .v lo a d ,  th e  
r e s i s t a n c e  changés,, i n  th e  -'gauges w ere  hPted;,:';toge^^ w ith  
' th e  e z te n so m e te r  : readlm.g f o r  ea ch  Increm ent: o f . .'load.* 
vObservâtlonB: -. ' ' '
Thç' rea d in g s ./fo r :  a  s in g le , t e s t  ar.e^.;reçprdéd i n  .Appendix. XIV 
.and t h e i r  gra.phih%''.p^^ 'In 'Grdph/...li.'& - . .
.% !su lt. . . - ' ' ..-
. . 800  ..-ohm. :B,*.T*0*. ga.uges. ,\Typ.e ,^ /É /8 7
Ghuges'..:ip..'T0n^^ #a%.F... 8*18:
o .o m m a m .^  .. . . -c5S!jes=»»tt3:ss3iKc=as55ae==»s?»t»:^ ^
The /graphs. s.how t h e  twd .-gauges .eq u a l r a t e s
o f  change o f  r e s i s t a n c e  w ith  s t r a i n ,  wl&oh su ggo t h e
.loading,-w as. ,p e r fe c t .iy  a x ia l.*  . - . . ..
Thc' rosi.8t.an.ce?=io.ad :C.urVes .do n o t  pa.ss'.thpo.ugh the. .o r ig in ,_ 
..due. t o  f a u l t y .  I n i t i a l  b a la n c e  .#nd itlon s'* .;,
11*4 m  oA ijiB m T im  TBST
I t  w i l l  b@ n o t ic e d  t h a t  th e  beam t e a t s  f o r  th e  
800 ohm gauges & v a lu e  o f  th e  s e n s i t i v i t y ^  borne 7^
h ig h e r  th a n  f o r  th e  <# t e s t  gauges from  th e
same b a tc h . T h is i s  p o s s ib ly  m a in ly  accou n ted  f o r  b y  th e  
f a c t  t h a t  th e  d is t a n c e  b f  t h e  gauge w ir e  from^ %  n e u t r a l  
a x i s  in  b e n d in g  I s ,  sa y  Ê/100G in o h  beyOnd th é  surf& c d is ta n c e  
(0*156  I n c h e s )  u se d  In c a l c u l a t i o n s .
I s  8 /1 5 6 ,  w h i c h c o r r e c t i o n #  - A deepe^-ih^ w ould have  
a v o id e d  t h i s  tr o u b le ..  '..
A g a in s t  t h i s ,  th e  m akers q u o te  an 'aver^^ 
f a c t o r  f o r  . t h i s  t y p e ' o f  gauge o f  8...25.. ;.y .- r
.11*5 . .. q#as..8m i8iTiv3T% .G F.eAnqBa..-^ %
I n tr o d u c t io n.»»u«**miM&mc:a&4war*«cwK3:W3«u%*Kvyrü,'»
The s t r a in  s e n s i t i v i t y  fa c tG r  o f  th e  ghsiges u sed  l u  th e
c o n c r e te  e x p e r lm e h ts , had b een  o b ta in e d  fr < # x W  bo & s t e e l
beam ( P o is s o n ^s E a t lo  := 0 .8 8 )  .  The quéB%(m;az"ose a s  t o
w h eth er  t h i s  f a c t o r  w ould a p p ly  when t h e  ^  a f f ix e d
t o  c o n c r e te  h a v l n g ^ ^  0*1 s a y .
The answ er t o  t h i s  dep en d s on th e  " c r o s s x s e n s lt lv l ty '^  o f
th e  gauge . x
C o n sid er  a  u n iform  specim en s t r e s s e d  In  <mé d i r e c t io n  j
h a v in g  two i d e n t i c a l  s t r a in  gau ges a f f i x e d ,  one in  th e  d i r e c t io n  i 
o f  th e  s t r e s s  and one t r a n s v e r s e  t o  t h i s  d i r e c t i o n ,  $
FlG v l le .3  .
i^  t  a : str&lm S 0 3 3 s l t i? l ty  f a c t o r  t o  a x i a l  s t r a in  i n  th e  
a b sen ce  o f  crosA st3?a ln ,
:.= m tra ih  ' . s e n s i t i v i t y  fa o to z? . t o  cross'; é t r a in  I n , th e  
a b sen ce  o f  a x i a l  s t r a i n .
@ a  a x i a l  S tr a in ,.
^  = P o isso n ^ a R a tio  f o r  th e  m a te r ia l  tm&er t e s t .
-  a x i a l  s t r a in  gangs r e a d in g ,  
dPp = tr a n s v e r s e  s t r a i n  gange r ea d in g s
Then d.P% kBOc =. 8 e ( l
S»o th a t
dP.
21%
.1 «aCfk
c r  4" cr%: 4" +
(c)
(d )
and
.xs±x£sz£sssa «tfcai
k
c r
•««aggicusart'
dP.
'CC. %
)
From eqjsaatlons ( c )  and (d ) I t  o&n W  se en  th a t»  p ro v id ed
I s  w r y  sm all ceaparod w ith  O ', 6  <jr w r y  @l@8@]y.
%n o r d e r  t o  make c e r t a in  th a t  th e  c r o s s  s e n s i t i v i t y  f a c t o r  
( k ,8 )  o f  th e  gan ges used» was In f a c t  v e ry  s m a l l ,  th e  f o l lo w in g  
c a l ib r a t io n  t e s t  was c a r r ie d  o n t on a  . s t e e l  beam.
E xpérim enté - .
The ty p e s  o f  ganges h sed  in  th e  t e s t s  on c o n c r e te  had 
nom in al r e s i s t a n c e s  o f  SOO0 ohms and BOO ohms. B oth  ty p e s  
w ere One in c h  lo n g ,  b n t th e  w id th  o f  t h e  BOO0 ohm gange was 
a p p ro x im a te ly  7 mm,, w h i l s t  th a t  o f  th e  BOO ohm gang® was l e s s  
than  4  mm. I t  was d e c id e d , t h e r e f o r e ,  t o  t e s t  th e  la r g e r  
r e s i s t a n c e  gauge w hich  w ould M v c  th e  la r g e r  c r o s s  s e n s i t i v i t y .
The gau ges w ere a f f ix e d  t o  a m ild  s t e e l  beam (SO In c h e s  
X B in c h e s  X 0 ,3 0 9  I n c h e s )  w h ich  w as lea d ed  by th e  four^^'peint 
lo a d in g  a p p a ra tu s d e s c r ib e d  i n  Para 1 1 .B  - , A s im p le  s t r a in  
gauge s e t  was u sed  f o r  th e  e l e c t r i c a l  m çasurem ents.
Method
One 2000 ohm gauge was a f f ix e d  a x i a l l y  a lo n g  # i e  le n g th  
o f  t h e  beam , and a  secon d  gauge p la c e d  a t  9 0  d e g r e e s  t o  t h i s  
a x i s .  B oth  w ere g lu ed  w ith  E l ^  B o U d s  D u r o flx  and s u i t a b le  
duim y gauges w ere a f f i x e d  t o  a s t e e l  sp ec lm eh .
As th e  m h ltl^ o h a im e l s t r a t h  gauge s o t  was n o t  a v a i la b l e ,  
th e  I tm g ltu d ln a l  and tr a n s v e r s e  gauges wore t e s t e d  on s e p a r a te .
b u t Q ôm seeu tlve , lo a d in g  runs* The r e s i s t a n c e  m easurem ent 
was, c a r r ie d  o u t on a slsz^ ie  s i n g le  8 ta tl< m  % @ at8tone B r id g e  
s e t , .  The .var i.ab le  r e a la ta n e e  In  s e r l e e  w ith  th e  g a u g e ,
was: m .ed i n i t i a l l y  t e  e a l lb r a t e  th e  ^ .iv a n o m e te r , a e  t h a t ,  
d u rin g  th e  t e s t , , ,  o n ly  th e  .galvanom eter d e f l e c t io n  was n o ted  
f  or  ea.oh load ^
The. gauges were: tea ted on the tension faee\/of the beam , 
by the four«"poimt loading method,
. O bserva t io n a .i=_?A.WAlÆrs*g)irm3ak2Agr*%it%fWwc:w::l#
The r ea d in g s- .a r e  ta h u la te d  In  th e  A p p e n d ix . : a n d  th e  
.,g r ep h lo a l p r a s e h ta t lo n  l a  shown ,1m. Graph 
Beau l t s  -'
From th e  .g ra p ^ y - ' . .
T em alm  # lo p .e  ^  .6.#.' %
GompreaBl.im . gauge .Pg, e lo p e . l^ .%  %y#;/(l01h-.load,*W);
^  .0,282"
-
Assuzsimg" Pdi.êêoh.^a .R a tio  =  0.&-28 f o r  s t e e l
.. G.^:tlim@d
- 0*28 f o r
B*u<c=r.l5ac». «ss>
a ?
3^
< r
i
e ,S 8 2  -  0 , 0 8■aax^ ’^ijtg*wja«jc-j-<w«wi«jfai3fctiâ?gaaA:,<TSC3Büaij»cgicgaor 
0 .0 8  .  0,282: - 0 .9 8 1
i s  very  sm a ll.
For, p r a c t i c a l  p u rp oses th e  G ross s e n s i t i v i t y  o f  th e  
gauges u'sod f o r  .the o o n o r e te  ex p er im en ts  may b e  .negl 
That i s ,  th o  s t r a i n  s o n s l t l v l t y  f a c t o r  f o r  th e  
on a s t o o l  speolmOn w i l l  a p p ly  f o r  th e  gau ges a tta c h e d  t o  
oom creto  sp co lm en .
0  g  A ?  T E R 12.
TO TEE ON COM
12*1. _
. ... ,^ . I n v e s t ig a t io n s  I n to  , th e
G onorétè under o ioA ln od  b.oncliiig and: to rs l.ù ù /:'^  p la e o  
betWGon 194G: and ln-:.Gl.ui@d ..two.-distïnc^^^
on© on tho: u lt im a te , s tr e n g th ' o f  th e  G'OhOroto::^ :^^ & o th e r
on the: s t r a in  su ffe r e d , by th e  obnorete^::':;)..:  ^ d e sc r ib e d
I n  t h i s  t h e s i s  e o n s l s t s ,  in  th e  f i r s t  p l a c e ,  o f  
lo&d.i=atrain m easureiaents on th e  ty p e s  6 f  sp o A ^ eh s  w h ich  had 
been u sed  f o r  o o h tr o l  p u rp o se s  in  th e  
'These were. 2=^. . ' . , ,
. ,(a.) s im p le  o..ompre8siOn t e s t s  on conG retem cylinders: 10 in c h e s  
h ig h  b y  .;@:;ihchea. d ia m e te r .
(b )  S im p le  t e n s io n  t e s t s  on s p e c i a l l y  s h a p ^  t e s t  p ie c e s  
h a v in g  à 5 In c h  x 3 in c h  s e c t io n  o v e r  à w ork in g  le n g th  
o f  .6 in c h e s , . .
( c )  S im p le  b en d in g  t e s t s  on 3 in c h  x  6 Inch % 4$
T hese t e s t s  w ere undertak en  In o rd er  t o  o b ta in  some o f  
t h e  fu n d am en ta l p r o p e r t ie s  o f  th e  c o a e r e t e ,  a s  w e l l  a s  t o  
p r o v id e  e x p e r ie n o e  in  t h e  p o s s i b i l i t i e s  o f  th e  method o f  
s t r a in  m easurem ent on aOmerote w ith  th é  e l é é t r l e a l  r e s i s t a n c e  
s t r a in  g a u g e s . As w i l l  be  s h o r n , th e y  a l s o  p ro v id ed  some 
i n t e r e s t i n g  In fo rm a tio n  on th e  v a l i d i t y  o f  th e  t e s t s  th e m s e lv e s ,
Two speolm ens .ofvOach ty p o  w ere tested.*:. ;/, /
When t h e s e  p r e lim in a r y , t e s t a  had beeh/:.d^ s e r i e s
:of iGad"»®tr a in , m easurem ents w ere oa.rried/.éut';^^^^ 
speeim en  having:.a./'7& ,inoh d i a , .  o v er  a: Sd'dnoh-w^ le n g t h ,
Experiment.^ on. th is .\  ape.oimeh .were made -as:/fo ll< #s..' - g.-a 
,, (a )  . Pure b en d in g  t e s t s  t o  ab ou t :50^'p fv /th é  s tr e n g th
Pure t o r s i  on t e s t s  to ..a b o u t.6 (% .:'o f/th e ':&  s tr e n g th
(o ), A oomblnied; b o n d in g 'a n d  to.rsibn/te.st-:^
The m achine used  f o r  l o a d in g ' t h i s  
-.and wa.s d .esign ed  and/bons.truG.ted by thé:/% t:W .#:t#id._hi8' . 
'ooadjutor*/.. - :/ /-/ :.:/
To .p ro v id e  .hh .'a lt e r n a t iv e  m ethod .Gf:;'''.ét!raih:iM t o
t h e  e l e e t r lG a l  s t r a in  g a u g e s , meobanleail^ o f  th e
-s .tr a lh  we.z*e a t te m p te d 'in  eao:h t e s t /  w h e r e v e ^
, = 1 2 6 »
1 2 * 2  .
The m a ter ia ls  f o r  the e m e r e te ,  and the mix 
u sed  f o r  th e  sp ecim en s on w h ich  s t r a in  m easurem ents w ere m ade, 
w ere i d e n t i c a l  w ith  th o s e  u sed  f o r  th e  g e n e r a l s tr e n g th  t e s t s  
under combined b en d in g  and t o r s i o n a l  lo a d in g  a s  d e sc r ib e d  In  
.a t h e s i s  by Mr. D:$. F is h e r  (BG) - ' '
dement . 'KJLawiT*cr,;rK«r^@Rw.
Rapid I lard en in g  P o rtla n d  Cement (P=err.bçreté;X was u sed  
in  making a l l  speoim ons* I t  was chosen  f o r  I t a  
c o n s i s t e n c y ,  and was u sed  a s  soon a s p o s s ib l e  aBter^^
To a v o id  d e p r e c ia t io n  by s to r a g e  th e  cem eht % s o in
q u a n t i t i e s  a s  r e q u ir e d . - .
■ÈSMSÆSè. '
The Thames V h lle y  8and and Thames :g ra v ed  used
w ere c r u s h e d , washed: and graded.' . S ieve--W .alysw ^ o th e r
p r o p e r t ie s  o f  t h e s e  m a te r ia ls  a re  g iv e n  in  t h e  t h b le  
o v e r l e a f .
■ m .
'«$ttaa*h«$6sN»fcfc»»d
P ercen ta g e  by  
w e ig h t o f  m a te r ia l  
'S ta in ed  b y  a 
g iv en  s i e v e  , * , . .
B , 3 «Test 
S ie v e  Eo«
G ravel
7 .8  
1 6 .2  
1 9 .2  
9 1 .1
/ i s ' -
a
ff^i&|a.«inhrttnMréft«aauw»«tec;flasyA.îr>artan wm «uWWwWWMcyi.nW: awr» ujn
Dens i t y ( l b / f t ^ ) 
m easured lo o s e  
and d r y .
TABIE 1 2 .1 P r o p e r t ie s  o f  A ggregate  need
The s i s e  o f  t h e  c o a r s e  a g g r e g a te  was e e le c t e d  so  th a t  
I t  b ore  à s i m i la r  r e la t io n s h ip  t o  th e  s i a e  o f  th e  specim ens  
t e s t e d ,  a s  w ould norm al c o a r se  a g g r eg a te  t o  s e c t io n s  u sed  
In  p r a c t i c e .  . - . .  .-
B oth  a g g r e g a te s  w ere th o r o u g h ly  d r ie d  b e fo r e  u s e  so  
th a t  th e  amount o f  m ix in g  W ater would be known e x a c t l y .
The M ix.
The p r o p o r t io n s  w ere c lo s e  t o  a  1 ; 2 t  4 lo o s e  volume 
m ix and th e  c o n s is t e n c y  was ch osen  t o  o b ta in  a g o o d , uniform^ 
w orkab le m ix tu r e . The m easu rin g  o u t o f  th e  c o n s t i t u e n t s  
was a lw ays c a r e f u l ly  c a r r ie d  ou t by w e ig h t ;  th e  w e ig h t  
r a t i o s  b e in g . 1 o f  cem en t, 2 ..43  o f  .sand and 4 .0 1  o f  c d a r se  
a g g r e g a te  «
The water=ù@ment r a t io  by w e ig h t was 0*55» and th e  water^» 
t o t a l  d r y  in lx  r a t i o  by w e ig h t was 7 .5 ^
The M ix in g .
B e fo re  commencing th e  w e ig h in g  o u t ,  th e  graded c o a r se  
' a g g r e g a te  s u p p lie d  was a lw ays s ie v e d  a t  i t s  upper and lo w er
l i m i t s  t o  remove any o v e r ,  o r  u n d ers la ed  m a t e r ia l ,  a s  w e l l  a s
-
t o  ren d er  th e  m ix tu re  f r e e  from  any o r g a n ic  m a tter*  The 
norm al d r y  w e i ^ t  o f  b a tc h e s  m anufactured was betw een  100 and 
270  lb *  A l l  m ix in g  was done by hand on a s t e e l  s h e e t  b y  th e  
a u th o r  and h i s  c o a d ju to r .
The d ry  c o n s t i t u e n t s  were w e l l  m ixed b e fo r e  th e  w a ter  was 
added two a p p ro x im a te ly  e q u a l p o r t io n s  *
P la c in g  th e  C o n c r e te .
As a l l  th e  m oulds e x c e p t  th o s e  f o r  th e  com p ression  
c y l in d e r s  w ere made o f  w ood, th e  in s id e  o f  each  was w iped w ith  
an o i l y  c lo t h  b e f  ore i t  was f i l l e d  w ith  c o n o r e te  so  t h a t  w a te r  
a b so r p tio n  b y  th e  wood from  th e  m ix  wo:g(ld be m in im ised .
The c o n c r e te  was w e l l  sh ovel^ m ixed  and then  p la c e d  i n  th e  
m ou ld s. Each l i f t  o f  2 t o  3  in c h e s  was W ell rammed w ith  a 
tamp o f  s i z e  and sh ap e  c o n v e n ie n t  f o r  th e  mould c o n c e m e d .
A t th e  same tim e» t h e  o u t s id e  o f  th e  mould was tapped  w ith  a  
heavy hammer* The ramming was sm iew hat h e a v ie r  than  th a t  
recommended by B r i t i s h  s ta n d a r d  P r a c t ic e »  b u t th e  m ix was on
«>12® «
th e  d r y  s i d e ,  and t h i s  method was found b y  ex p erlez io e  t o  
produee a c o n s i s t e n t  d en se  o o n o r e te  h a v in g  a good su r fa o e  
f i n i s h *
The c o n c r e te  had no slum p owing t o  th e  d ry  m ix and th e  
sm a ll 8i3@ o f  th e  c o a r se  a g g r e g a te .
O uring
A f te r  p la c in g ,  th e  sp ec im en s w ere l e f t  f o r  f i v e  days  
under da^p sa ck s , in  th e  la b o r a to r y  w here temperatuz»® c o n d it io n s  
v a r ie d  by o n ly  a few  d e u c e s  from  55^F. ^ y  sp e c im e n s , w hich  
due t o  t h e i r  s h a p e , w ould b e  h e ld  Im te n s io n  by th e  mould when 
sh r ih k a g e  o f th e  c o n c r e te  o c c u r r e d , w ere G om pletely  r e le a s e d  
from  th e  mould a t  12 hou rs a f t e r  p la c in g ,  a lth o u g h  th e y  w e r e ,  
o f  c o u r s e ,  o th e r w ise  u n d istu rb ed *
A t f i v e  d a y s ,  when th e  c o n c r e te  had a t ta in e d  s u f f i c i e n t  
s tr e n g th  t o  p erm it h a n d lin g , th e  sp ecim en s w ere c o n m le te ly  
immersed, in  w a te r  f o r  a t  l e a s t  tw o w eeks * They w ere th en  
removed from  th e  w a te r ,  and a llo w e d  t o  d ry  o f f  i n  th e  
la b o r a to r y  f o r  a minimim o f  one w eek , b e fo r e  th e  p r e p a r a tio n  
o f  th e  s u r fa c e  f o r  th e  a ttach m en t o f  s t r a i n  gauges was consid ered  
A fu r th e r  p e r io d  o f  a t  l e a s t  a n o th er  week e la p se d  b e fo r e  th e  
gau ges w ere read y  f o r  o p e r a tio n *  The c o n c r e te  was th u s q u it e  
d ry  when th e  s t r a in  m easurem ents w ere tak en *
s t r e n g th  o f  th e  C on crete
Ç oiopresalve 8tren gth (10^ ' x  6^  ^ d la  c y l in d e r )  «  3130  I b /ln ^
a t  28  days *
T e n s i le  B tr e n g tb  (3^  x 3]* apeolm en) -  284  I b /in ^
a t  2 8  d ays *
T hese a re  a v era g e  f i g u r e s  o b ta in ed  from  a  o o n e ld e r a b le  
nim ber o f  , r e s u l t s  I n  th e  a u th o r  s t r e n g th  t e a t s  on t h i s  
e o n o r e te , . . '
c; H A ï> î  s  E .3.5
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13.1 ïKæHOBB'CÆiaï
A fu n d am en ta l .p ro p er ty  o f  o w o r e t e  i s  i t s  
u l t im a t e ' t e n s l l ç ; . KtreDgth:.:. .% e  d l r e e t .Met(i.od'. -of "deteradnimg  
th is , v a lu e  i s  by th ç '  a i i i^ le  tc m a ile  t@ s%  th e
d i f f i G u l t i e s  o f  ca3w ylng  o u t  su oh  .m t e s t \  i0;:.'to>;:;:% 
p e r f e c t l y  a i^ a l  p u l l  on .th e  specim en*. Thé r e l a t i v e l y  la r g e  
.g.iza :of speGlmom. w h ich  am st b e  u sed  f o r  c o n c r è te »  makes th e  
d e s ig n  o f  su ita b le -..en d  a tta ch m en ts p a r t lQ u la r ly  d i f f i c u l t *
There- a re  two..%n@thoda whl.oh h ave  been used /.b y  many exp érim en tera  
One .is  t o  c a s t  s t e e l ,  b o lts -  w ith  omla.rged heads- i n t o  th e  c e n tr e  
o f  t h e  en d s o f  t h e  .specimen and th en  a p p ly  th e  p u l l  t o  .these.*  
The o t h e r  i s .  t o  make th e  speoim en w ith  -en larged  --ends' In  .th e  
form  o f  .& f l a t  dumb«»b@.ll s.hap0 » and th e n  a p p ly  th e  .p u ll b y  
means , o f  .alaw -type grip#:.* ( D e t a i l s  o f  -a 'number o f  h i s t o r i c a l  
t e s t s ,  a r e  given , in  th e  eompanlon t h e s i s )  (26).* . The l a t t e r  
ty p e  o f  sp.ecim en im s used- In  th e  a u th o r  % \ t e s  ta  * -
The r é s u lté -  o f  , many t e n s i l e  t e s t s  by  t h e  a 
th o s e  o f  o th e r  e x p er im en ters ., hâve shown o o n s id e r a b le  
v a r ia t io n  (may f  2 0 ;  ) In  th e  mean v a lu e  o f  th e  U lt im a te  
s t r e n g th  o f  a  p a r t i c u la r  , oonarete* . Ae I t  W e  éom eldered  . 
t h a t  e .G oen trlG lty  o f  lo a d in g  ooùM  aoooun.t f o r  a  la r g e  p a r t  
o f  t h i s  d.lser@ panc,y. I t  was deGldled.';to I n v e s t ig a t e  t h i s  . 
p o s s i b i l i t y *
A n oth er Im p ortan t -proper.ty o f  o o n o re te . l a - l t s  s t r a in  
o a p a o lty * ., th e  .
O oneldero , (1 5 ). p u t  f o  h is . a sto im d ln g: h y p o th e s is  th a t  ,. 
:0 . t e o l  in  oon orete . .In oreased  th e  @ train .0.apaG'l%y b e fo r e  oraoklm g. 
.ooow red » compared W ith, p la in  . oonorete.*,: 'AG.QoMi^ h i s  
e x p e r lw n t e  on boame.,. o raok s .appearecL a t  /Bt^ains, ,be-W 
IpO .and 2G0. X 10™  ^ in - p ia ln  omore.te.». w hereas i n  
t e s t s  on r .e in fo rb ed  oom orete» s t r a i n s  o f  2000 .x .10'^^ Were" 
reoorded* T h ese  r e s u l t s  w ere q u lo k ly  o h a l le n g e i  by o t h e r s ,  
who found  no -a p p reo la b le  dlffer@ nG.e in  .the ot3^.1n# a t  th e  
f i r s t  orack  betw een  p la in : and. r e ln fo r o o d  ç o n o r e t® , .end. s o  
C o n sid ère  (1 0 )  made .further- t e s t s ,  a f t e r  w hloh he m o d ified  
h i  a o r ig i n a l  a t a  t  omen t* .
The m easurem ent.'bf s tr a in 's  s u f fe r e d  b y  p la in  o o n o r e te  l a  
d l f f l o u l t  .owing W  th e  s m a ll  .qu an tltl'es: In v o lv ed *  ,'In th e  
p a s t ., m oat e]ge3?lmente,r8 have- usecL m eoh an iea l m irro r  e x te n s o  => 
me t e r s  o r  e  t r a i n  gau ges *. , The w ir e  , res-l s .ta n ee  .à t r a in  gauge
«3 .33^ ,  .
was th o u g h t t o  o f f e r  the- p o s s i b i l i t y  o f  a  more Goimprohonslvo 
m easure o f  t h i s  .p r o p e r ty , .w h ich  may be .a cr itez^ .p n  o f  . th e  
f a i l u r e  o f  eonoreto... ,
The v a r ia t io n , of. th é  s t r a i a  w ith  a p p lie d  t e n à i l e  3;oad i .s  
a l s o  o f  importamo.e as.» i f  . a l in e a r  rela.tloD 8.h%  .ew ^ ^ ^  
e s t a b l i s h e d ,  th en  - the. s tr o s& e s  .In a o.onarota; oem ponent can. be
. c - ' ' ■ ■■
.obteîaed î T t m  -a JsaoHlddg® o f fc’ae. e t'jx g .in s„  .
1 3 .2  HXageRXeAI. TESfg
s'
E xperim ent.ers who. In. reo.ont 
im v e .s tig a te d  th e  . t e n s i l e  .stress.,^ stra in /. r@ la ti.m  f o r  .p lain .
.'Q.pnGr@t.e, ln@l%#.e./^*G::.. D a v ie s  and B,*. .Tusmer 56.)
. ( .I^ d o n
E y la 3 # e r  . (4.6:) (&too 1 9 4 5 ) ,  a.nd .R*E.,,. E # .n s  .(25)
.(Beede 194.6)* - -
Experim ents', b y  ..V.0..* .D avies .and Tm m erC %nd '':(56)
.. T e s ts  w ere o a r r ie d . .out a t  t h e  .B a tter se a  . P o ly te e h h io .,  
Dondcm In  .1 9 2 6 , u s in g , .orashed .Thames, gravel» .: graded & In e h  
6ownward.8,-. w ith  m w a te r  .con ten t o f  '7*65^. by,..w eight .of' d r y  
a g g r e g a te  « The..8peo,iména.w.ere o f  f l a t  dumb*'b.eil 8ha.pe 
3 in *  % 3 in *  G ross.'aeetigm . w ith  a  6 in *  p a r a l l e l  p o r t l .m *  
G tra ih  measurements; w ére made .u sin g  a e p e o ia i l y  d e s ig n e d
m irro r  e z te n so m e te r  w ozk in g  m. th e  % ln g  p i'lh G ip le  and r e a d in g
' ' ■ '
t o  a s tr a in , o f  -B x  .10'^  ^ o ver  a  6 in *  gauge le n g th *  .dome . 
t y p i c a l  .r e s u l t s  o f  .a s e r i e s  o f  e le v e n  tes ts .-cm  35' d a y  oM
o m ç r e W a r e  g iv e n  In: Graph I s . l
ThO' equation: average^ s t r e s s a s ,tsm ln  cùrv@: o b ta in e d
from  th e  SGidea' o f  t e s t a  was. :«* . .;. /
:= S 4 t  « 450 X 1O®CO»G8Q06Y » ®)^°^
where dendtea. th e  :8:traim.o,
. .' :I t  ean.bo^ se e n  t h a t  th e  i h i t l a l  m cdulus l a  a p p r o z lim te ly  
qénstam t a t  4:,40. x  .l:0%b/ih^'.:ÿ b u t t h a t  th e  l.oad a t  w h ich  an 
a p p r e o la b le  changé : o f  modulus-, ooourred.», V aried  G:onaid0 r a b ly  
betwo.en th e  t e s t e  »'. The. mean, stra in .» . ' a t . f r a e t u r e ,  - v a r ie d  
.between .320., X.. 10'^^ and 450. x- .lO."^ .^,; and th e  . u l t im a t  ten a ll® :  
s t r e n g th  betw een  2iB: . and. 3 5 6  Ib/in^:.,
.' . Thé' o.omeiuhibnA. were. .that.,. ':%m.- e p l t e  o f  f a e t  t h a t - 
,th e . load ing: was a p p lied , th ro u g h  iép h e r lea l] .?  a e a te d  .grips:,: I t .  
l a  ..pr.obàblé t h a t  th e  a v e ra g e , u ltim a te : atrehgtha: reoord ed  are. 
a l i g h t  l y  . i.ower t.h&Ki t h e i r  t r u e  . . -
.. Thé a p p a ra tu s  ..and e% ten.aometer u sed  fo r . the.aa t e a t s  were- 
t h e  .Bame. aa tho.8 e  uaed In .the auth<)z*^e. experlmemts.*.
Expérim enta: b y  A.«E* JoWa.on . (.34j
S t r a in  w a a u r e W n t#  w ere mad.e, du rin g , a 'a e r le s '  o f  t e s t a  ,  .
a t .  th e . D h iv e r s l t y  o f  M aryland .In 1989. on o.<m'crete t e n s io n
" . ■ / ■ '
8pec.imena h av in g , à  4&, In *  d la *  -and a 9 In.* p à r a l ï e i  le n g th *
The enda... o f  th e  apeolm en w ere e n la r g e d  and o f  .pyi%mida.l .ehape 
m aking an. o v e r a l l ,  l e n g t h  .o f 2 1  in o h e s  *:... G'law ty p e  g r lp s /
. f i t t e d  Over th e  e n la r g e d  enda.» -and w ere  a t ta e h e d  to. th e  t e s t i n g
, %%:. : MIX; % ; '5*2 ; .6*6 .» . W a t e r / Q W e n t ' %  *0 .
O e m e n t/G u h ic fo o t  'of e o n o r e té
The spQQ:lm0#s/ .h  ^ a  o o n s ta n t  G ross 15  cm@ x
.15 omB:,- -;g3,th a  s t e e l  head éa8t.ln '*8ltu».,% nd:/le& 'ÿlng & o le a r
^length o f  e ith e r :  % .çm 8.. :'or 4  ,oms#
The: 'u ltim ate: s t r e n g t h  re& u lt a .var ied  'beWoon -&*
S e r ie s  -1. 1 3 8  ahd 2.94 Ib/lm:^ f  o r  I m g  s  mélmenâ: *
— - ^  % & *«&  8@6 Ib /ID ^  f a ,  B b o ft  ^pealm enB.
Series II 16Q ead 224 Zts/te  ^ î»r loa.s; spaoltemâ,
:'-------------T" ISO aad :274,.ll5/ir{2 for sfesrfe S;peeim®isS:..;
. .^ *135
.m achine th rou gh  a  .-pinned jo in t.o  The oonorete . was o f  1  % B g 3  !
w in g .  P o rtla n d  .G.ement .and a l im e s to n e  a g g r e g a te  o f  rnazimm  
: s i z e  Inoh.* .. The extenm om eter w as of. th e  M artoha -m irror ty p e  
. working: o v er  .a ^ I n c h  gauge, le n g th * .
T e s te  w ere .G.arrled o u t a t. variou s, a g e s  mid' Showed t h a t  
%oimg:( s^ 'M odulw  in o r e a a e d  from  3*75  :x 1 0 % h /in ^  .&t 7  d& ya, 
to . 4*0  %. .lG% b/lh'^ jUt 600. d$.y8:» w h l le t  .-.thé: '.ùlt etrongbh. 
.r o s e  from  225'. t o  BSO:.:ih/lh^*. .A ty p ie a l/t .e n s ll.e ^ .e ^
. ourve.' .obtain ed  .at.:,30 daya l a  ahown: I n  G%ph2:i3 .6:l::
;iKbmerlm@n.ts %
.: F i f t y  te a  to  w er0 :..o&rr.ied % t ' I n  1945 -on
:oonor.e.to-ha.,i)ihg:tho:':fo.lloW :ing8.peelfi^^^
3 e :r le s - .% .. - :%&%' ' ' 3*4 : 4 * 3  ». Wat-eiY%om@nt'''& s :  Oj.5 9'«a%c=zs===A*iaaa3$5^ • • .-_^. .- » ^
y- fo o t , of: oon arote ' -R-^
# tr a ln . r e a d in g s  ware , ta k en  o v e r  a , 60  cm*' gauge le n g th  
u s in g  two d i a l  .0 %%e8 / a t  a 0 e t l m s  .180^ a p a r t*  and .ov .er  a. 2 0  cm; 
gauge le n g t h  ,  w ith  a  m eoh an loal a t r a in  gauge *. ' A. ' t y p ic a l  ' 
a t r e s a ^ s t r a ln  diagram  f o r  B e r lea  % la  shown .in  . Graph ,13*2
The s e o a n t  m odulus f o r  a tr e a s e a  from  z e r o  t o  114 l b / in '  
.for  S e r ie s . . l  aT eraged  4.*67 x  .ip% b/ln.^.» a n d .fo .r  S e r ie s  1%,
.3..S6..X "
o
..fZ'Thor.-average' -atralha-.- a t . w r le d -  hatw een 4 $  .%
m .d ,36 .X 1.0""^ ' . . - . '
. Thea.é w ere .o on t r p l  t ê a t  s  p a r a l l e l  t o  a  :%mlm r e se a r c h  » and 
.th e  G.molualçaià: th&.t t h e  c l e a r  len g th , o f  sp^G:im@n h a s .a
marked é ffe e .t . ha t h e  u l t lz m t é  s.trength,* .Thi# may. be aoooim .ted  
f o r  b y  .the % eakeBt llnk'^ th e o r y  .of .p r o b a h ll i ty  # M o h  I n d ic a te s  
th a t  t h e  lo n g e r  the- spécimen:.»., th e . g r e a te r  Is: th e  p o s s i b i l i t y  o f  
f.lnd lng: a  %eak. llnk^^* ' ' /  ... . .:
Ÿ:. .Aazt.:*: ,Evm%8 (25.)
S e v e r a l  ty p e s  o f  p la in  .co n cre te  tén 3l.on  Bp.eolaiens w ere - 
Wed in  t e s t s  e a rr ie d . 6u t .a t th e  % lv e ,r s l t y  ,of l e e d s  In  1 9 4 6 ,
=h©S0 W ere. « *=»
[a) ' Standard' briquettes 1 la,% 1. Im*, .1& in* x in, and 
. 4  Im* X 2& ih * respeotlVe.ly* t&loh w ere tested u s in g
claw ty p e  grlpis*-
[b) G,irGular ten sio n : ooliimns. S lm@ d ia m e ter  b y  52  In* lo n g ,
3 In.*., d la m a ter  by 2 2  .In.* .long» and 2 d l a  b y  15. l a  * long
r ë sp o c .t iv e ly * ;  T hese w ere imde w ith  en larged , ends t o  
r o o e lv e  se t . s c fe w s  GO In  th e  .o on creto  fo r /e o r e w in g  I n t o  
. t h e  grip s, .o f  th e  w o h ln e *  - - . -/...  ^ -
The o m o r e t e  mixes^  ^ v a r ie d  t o  sTilt. th e  ezp er lm en ts*  .
.b e in g  e l t h e r .; l \  :. B'. :. r a tlo e - 0 * 6 8 .o r  .0*74) o r
:,1 ; 1-  ^ .^,3 (w a tez /cem eh t. r a tio ; .0 .* S 7 .o r  .,0*601 .a maXlmim 
'..,'grave.'l#ize. o f  ^  ..Inch* \ '  '
. B r i q u e t t e . . . m i d - : . . ' v  . . -.:.' ./
- The- 0GO!mtr^0lty:-.of lo a d ln ,g  .
by w i n g ,  tw o :1- -Ihdh^jaliyiBrr - g a u g es  attached;, t o  th e  .oppoMte
extrem e edges: o f  . tw o, .fa c e s  :cf th e . hrlquëtté^^^^  ^ .typ lc& l lo a d «  
s t r a in  r esu lt .: ..!#  :gi;#h...In-.Graph 13*2:.
. 2i%dàiarlÿ:,,Èo#d^^ c u r # # .- ta k e n  . f r o m . . ' a i d e s .
...of t h e  e .lrcu la r . t e n e lo n  co'lmma a r e  given.'
.of speclmGn*
. The. m eaaured .h i t ij&'za.te: to n a l,ie , a tr e n g th e  .are -o,erreoted f  o r  
th e  e  G ce n tr lc  Ity.' :o f ' .lo a d in g  -c a lc u la te d  from  t h e . s t r a i n  m easure«» 
:ments j u s t  b e fo r e  f&li:ûre,»: and th e . reWlt.c.a-re:::^^^ the-
fo llo w ln .g .T a b le  lS  » l  , / ( # e  o v e r  p age) *
i S m a l i .____
X I f  *’
c t'c e s
irgo. B r lq a é tte a  
#  . x  "
I Tflth
Girei:^lar T en sion  
. cm iR m s
r? , a  ' "" g '*Bia .  I 6 % a .,
1 fo r c e d 16= ! .62'^ ^
1 w ith l e s g I m g Dong
r o d .
«Sg8gtgààa*iCTa3U3tCTCWJSp«»tactr»tta ,. : I
&oGr;^éct:ed,.fb . e é c e n t r l o l t y  ,çf'."
MZ&z:friawmp*@5«fKs9&Z!W;"%èymaTi%v/(fTnfy(e%a=*wjaa$%
694 646 -334: .:' 480
650 . 6 64  . -
668 408
286 89G . .  ..IGO....:..:
414
888
i:^ jnsgatxxTiW9uM fsrrfj»
350
235
885
885
226
T394 430
.393 
438 468
285
242
198
bS^
O'orroctW' fo r .  'e e .G e n tr le lty  .o f / .
w^*r.wAT«*mui*umtKK^
445 
391  
320
400
420
447
oaA
480
4.4Q
470
rfev^ 5jTfcc&aff*ty4L»a3»*a«OKf>*«';»awag»*«^'jaawgj,W«<tfrr,it?i*;uaiar.»w«ja!A
302
482
43.0
469
406
"% «70
S96
cvc
310
TAB'IE...13.é l . T én#ll0' T est. R e su lts , by .Evam# RV
@ iD
ObnclU8im .a*'=t5Cî3i3la»»sese.««TW2Si5aïk'b3teBrr.ttSABaav».
A llo w in g  f o r  ..thé'.çooentrlo:^^^^^^  ^ lo& dlhg» :tW'; re8'^ a r  
Ëuoh c l'o a ô r  ^agree^onty^r 'ev^ th ou gh  th e  .GorreGti:on. .:is made -on- th e  
r e a d in g s  .of two gau ges -instead: '.of'. t h r e e ,-. .»h$0.h'..%'3A@. 'requl.red f o r  a 
.'fu ll  .knmii@.d.g0 é f  .tW  ç t r a i n  di8tz*ibùtlon@  .'^
"The u l t im a te  # t r é h '^ h 'f i g u r e s .-.a-h<w'ah';.-iâ.ére&#é a s  t h e  le n g th  
o f  sp.ecimen. i #  reduced;.-/ .
R e'inf.oreed. Tensi.on Oolmmecssaspawoto-
.S im ila r ly ,  t h e  e o ' e e n t n e i t y . o f  lo a d in g  was f  ound- f o r  4  Inoh  
4  in c h  :x 3.0 in c h  t e n s io n  .specim ens having, .a. - e e h t r a l  1  'inch or
^  s t o e l  rod e, Some 16 t e s t a  w ere carr ied , - w t  wi th  m ixes  
of' 1 : 3  j  ,1 B- ^ ;. 1. : 4 . ; S' $ ^ d  l... : 4  -s 8
r e s p e c t iv e ly  y on sp eclm en a  & lr and w a ter  onrçég th@ s t r a i n  
c a p a c ity  a t  th e  f i r s t  era  ok b e in g  fm n d  t o  vary  bet^eem  63 and 
iSS  K & l 8  was g r e a t e r  f o r  th o s e  speolm ens. G%r@d .ln,:
water^, owing t o  t h e  red uced  shzdnkage stresses.* ,, ' . G reat .care was 
: ta k en  In  t h e s e  e ^ e r lm e n t s  In a e a r e h lh g  f o r  th e  f'lrm t crack  in  
th é  sp ecim en s., -
% e  e f f e c t '  o f  p e r c e n ta g e  relnforce% aaht. and, th ic k n e s s  o f  
c o v e r  on th e  s t r a in  c a p a c it y  a t  th e  f i r â t  cra c k  was. a l s o  
In v e s tig a te d .# .
.Omclnsi.cms. . . .  .
& e  str a in -  c a p a c ity  a t, f i r s t  cracking,, of. p la in : .and re in fo r ce d , 
.concrete  Is... s e n s ib l y  th e  same# . The la r g e  s t r a in s  .observed  in  
th e  . l a t t e r  by s m e . ' ln v e s t lg a to r s g . I s .  t h o n ^ t ,  t o  b e  d n e  t o  
I n s u f f i c i e n t  m a g n if ic a t io n  f o r  t h e  .o b serv à tio n  .of ' th e  f l r s . t  
crack# - . '
3 mm: A m ioR » a T m sio ^  Tmam
Lménts.
The .primary ob yeotlw  o f the- .experiments was to  -obtain t h e . 
te n s ile  atreea^strain ' chrVe for  the c t h c r e t e . # -
.A seco n d a ry  o b j e c t iv e  was. t.o .obt&% a  m easnre o f  th e  ambimt 
o f e c q e n t r i c l t y  bf ' heading which might: be .present in. a normal' 
t e n s i le ,  t e s t  w ith  th e  .set^np need.#
O n tlin #  o f  tb ç  « ,
spGGlmeziB. w e re  t e s t e d  w hich  a re  mow d e s ig n a t e ,  th e
' SA.^.'$nd 's^ o lm en s# . , . ...: .. ::...v';r. -
The.' apoclm en w as IB  months old^ when ^ tested  and had h esn
s to r e d  d r y  a f t e r  &n i n i t i a l  wator'*c%rlng: ,o^ "three Weeks# Three' 
.p r e ilm ln a r y  t e s t a  w ere .made In  w hich etrain.;m@%enr!^ w ere
takdn. d n r lh g  io a d ln g  t o  a  maxlmmi nmdnaly^^^S  ^ .lb /in '^ ,
.and m  two o f  th é a # ^ -^  t h e  e tra ln S : wqre ./aleo':r'e%orded dnrlng. 
th e  nnlpadlng*. The.: f o n r t h  t e s t  on t h i s  8poç.l&Qh 'WaS'-' fr a o tn r é  
:#hl.oh oe.ohrred a t  a  n om in a l etr^^ o f  SG B.,lh/in,% .'.. A ll , .s t r a in  
mça'snrementa w ore by  e l e c t r i c a l  :ga%%@eo' . : ' . - , ; :
The: ,apec'lmoh w#s 47/dayB: :o.M. a t  . t é à .t  been alr'=).
c n red  f  o r  th e  l a s t  %  .daya #-, .Two- p r e lim in a r y  : l6 à d in g  'mne. w ere  
made, t o  .1^6. Ib /lh ^ 'y  and th e . s t r a i n  m ca a n red .:^
:.e%ten'aomet0 r* The. t h ir d  and, f i n a l  loadikg/W àB-- fra'Gtnre^,g, 
w h ich  e,cçm^réd. at. a ,.,h #2 in a l a tree8 ..:o f , 5 0 1 1 b /ih % /.- '  ^
-read in gs we-ro tak en  -mà.ing. b o th  electrlcal.'^m g^^^  
m echanlc& l oxten sm ieter::# .
K5JAIÎS OF S K  ÏESl’S 
15 j 4 gBSfgiS
;S.m<■'gag;i£±?s«arR<jtiTti-.-Tih^agapa<reRtaj^aont^  .
The dmib«=beil: :8h&p^ sp ec lm on w aa  d @ 8 i^  V#G#
D a v ie s  (1 8 )  f  o r  àomç:. eé^ rller  work had a  w o ik lh g  c r o s s  
.G e ç tlo n a l a r e a  o f  3. Inohem x  @ In o h e s  (a eo  M g #  The
s i s #  was l lm ltM . by t h e  8l%@ o f  th e : .t e a t in g  J m o h ^  a v a ila b le :*
%t was. Qaat i n  ;& . wooden momld in  a .bozdaq hta .l p o .s ltlo m  g % d was . 
f l l l o d  i n  la y e r s  p a r a l l e l  t.o th e  .p lane .o f loading,*. To .avo.ld 
ah rink ago .ora o k a t h e  specim en was. eo m p le ta ly  releaB edi from  t h e  - 
mould, a t  IB  holara a f t e r  O a a tln g y  and was a l s o ,  k e p t  m o is t  d u r in g  
th e  i n i t i a l  s e t t ih g f -  and  was l a t e r  water==oured#.
The T e s t in g  M achine . - 'C;S3%?%K3<Kmwi«W.%ümtMA%%%y;;6wii«*e«Af&H5üü*cKaL«Aua»*;Aw.a#
The sp eolm ens w ere  t e s t e d  In- a  100^000 lb.# B ieh le^ . eerew « ' 
powered g emipound l e v e r  beam t e s t i n g  m achine whi.oh was f i t t e d  
w ith  a p e o la l  c law  g r ip s  .made t o  s u i t  t h e  speoim en* -One o f  t h e  
oiaw  g r ip s  had a e p h e r lo a l  s e a t in g  f o r  a d ju stm e n t.
To m easure, th e  load^  a. h a lf- v a lu e  jo o k e y « w e l.^ t  -was- . - - 
pro.vided s o  thatg-. W ith  th e  a id  -of' th e  '8 0 %*ew=.indloa:tor,: i t
. ' ' i
' t h e o r e t ic a l ly /p o s s ib le '  to. .measure t o  6 lb #  ih , .p r a e t lê e y  d u e to
f r i c t i o n  -eto.»* th e  m aoblne read  .c o r r e c t ly  t o  'about / t  '^O.-lb#
To a p p ly  the.. .lead^ t h e  m aehln@ .wa.8...fitt8d w ith  a .'f  our sp eed  
. g e a r  -box.- w h loh  .obuld. b-è b e l t ^ r i v e n  from  overhead , sh a ftin g .*
.For t h i s  'testf.. a s  saoh_ a ; s m a l l  .s tr a in  was -requ ired  t o  f r a c t u r e
#*w»QfWA=w5iUMU%«zcaMuwnsmx»
th e  i t  was f  oiind, t o  b e  m ost ooni^eislont t o  ti%rn th e
im obino OTor 'by.
% 0 M oGhanioal E xt e s s  omo t e r ,ufcsait«6f<.»r«T,fnc'ayasj.<ajsgrAMi.ii;ita<jj»-a%arïieTOf.-i'ir/rn«v.jt;;4-a;tMW«ac=wnjijABO«ocB8B-
The e z ten so m e to r  %3@a was d e s i r e d ,  f o r  t h i s  a l s o  o f  speGlmen 
.%  Mr*, V.#.G;, I^ id .es (18 ). - , '
The Ins.triament had a 6. In oh  ^% ge lesagth  and o p era ted  on 
t h e  Emin-g p r ln o ip lê f  oh ta im .lrg  an a d d i t io n a l  -m a g a lfio a t lo h  from  
a b o l l  drank and m irro r  (aed  'P late  13*1) *,' . Beadimgs. w ere made by  
o b so r v ln g  a  aG.alo: t h r o n g  a yteloG.oopo "?ia th e  m irror*. I t  i s  
:G l6@ d,.that th e  errora^  d w  t o  f r i o t i o n  and badklaah^ oorrespon d- 
t o  maoh le a  a than  one. h a l f  o f  10 % lO'^^lnGhea.» A m icrom eter i s  
InGOztpo^^sited t o  o a iib r a .to  th e  In o tr im oat* .  ^ The to p  and b o ttm i  
framea: eadh' h a w  a d é th c h a b lë  .s id e  to, pai%%it :attaGhmont o th e  
inatrnm ent. t o  th e  apeGimem* The o .dn loaI sore'W p o in t s  do n o t  
p i'^ o t .021. t h e  Qonorete.» b n t on fo n r  a t e e l  barà iW ,d h  a r e  f ir m ly  
stra p p ed  Ih  p a irs: a t  th@' a p p r o p r ia te . .gaMgd le n g th  t o  th e  o ia ts ld e  
o f  th e  specim en  *. (S e e  P ig »  13*1  b eld w ) .
.8 te .e l B ar  
h e ld  .in p o a l t im i
P iv o t  Screw  
e z te n so m e te r
G .artridge Paper
C on crete  S u rfa ce
P IG *. .1 3 ,1  E x ten so m eter  Method o f  attachm ent.
The s t r a in  gauge s
T h is s e t  g a s  d e s c r lW d  In  G hapter 7^ was %8@d In 
con jim ction  w ith  th e  G&mbrldgc Galvan (m eter f  or reading the  
e l e c t r i c a l  s tr a in  gsmges*
ThS: S tr a in  G anges. -Cj;5tt;g;Ciaawraai3vspo«*fa*=cjgfgJ»T^WAi«ajitURS>a;»îgÆ>w2agWffaKi * / '
Speelm cn %' .. = '
.. Pour. S'gOGO. ohm 1. In ch  gauges^. Nos* Ij», 3 and 4  w ere  
a f f ix e d  by th e  method d e s c r ib e d  In Para 1 0 »S t o  s u i t a b ly  
sm ooth p o r t io n s  o f  th e  s n r fa c e  o f  th e  specim en^ two on each  
o f  oho .^ à lr  o f  o ^ o s l t e  faces^ - and a l l  a t  apprœdLmat^ th e  
'th e  same d ls ta m c e /fr < m  an end* Ganges. Nos B and' 4  f a i l e d  
to , work r e l ia b ly .  ..In T ea t N o v i and were. , rep laced ; ,by tw o  s im ila r '  
/gange.s. .#os:.:,:/S -F o r  th e  f i n a l  .Te8t,:N:0*4.g%:.gahge No.*.5 was
: on t o f  aotim j,'. and th e  t o s t  was. ca rr ied : t h r o n g ,  to: f r a c tn r e -  
.w ith .ganges .Nos.* 1^ 3  and' 6  In  o p e r a tl% *  ,
Specim en
.Ponr 2;00 ohm .1 in c h  lo n g  gangs s. Nos:*' 7.  ^ 8  ,  .0 and 1.0 we.r.@ 
a f f ix e d  t o  ^ th ls\ specimen^, two on one flank^ . one on  th o  other^  
and one on- th e  s w f a o e  w h loh  was a t  th e  b o ttm i o f  th e  monld 
on casting .* . These. gange.s. a l l .  worked- s a t i s f a c t o r i l y p  and 
were In  o p e r a tio n  f o r  th e  te.s t  *
N ote  ..:.« The p o s i t i o n s  o f  a l l  .ganges a r e  shown In. F ig *  13*5
fS K I ®  BPSGIBEH »A»
p a s t in g
êa g g é  P o s i t io n s
from  0D$
7 -r
3 à s i m r  8 R G 3 i « .. m.s
'%Gvi,. :.l5:-@:^  G%§%.. P.G^iti'qns o s  T o s s l #
In  @aGh t e s t  th e  was c a r e f h l iy  f i t t e d  In to
e law  t^pe javrs o f  th e  w c b ln o y  and l / l O t h  ^^ th lc k j, s o f t  
zmbber pada w ere p la o e d  o s  th e  lo a d in g  fa o o » »  Z ero b a ls n o e  
.én- th e  w ei-^ a lsg  beam ha ving, b é e s  o b ta in ed  g., a  sm a ll t ig h t e s ln g -  
lo a d  W 8 p n t <m th e  apeoimezi# The s t r a in  gasgea  w ere then  
e.ozmOGted np th e  th e  m altl=»ohazm el:8et^  t o g e t h e r  w ith , a p p ro p r ia te  
dimmy .gaugoa,* w h loh  w ere s tn o k  t o  a r o o n o r e te  -o y llh d e r  p l^ eed  a s  
s o a r  a s  .o o n v e iile s t  t o  th e  a o t lv e  8peGlm@n.a: When hsed^ th e
m eoh an loa l o%t@BaometGr was f l t t é .d  t o  t h e  .apeelm.en and a 
.'oallhratlcm ; t e a t  o a r r le d  .oat,.: P la te  16.$9 shows .a p h otograp h
o f  th e  .se t  sp ., ' To o b ta in  etoad y, tem peratn r é  G g^dltlonSÿ. th e  
w hqle sp ecim eh  was th en  ahronded w ith  .o lo tho^  qsceept f o r  a 
s m a ll pp en liig  t o  p erm it th e  o h s e r v a t lo h  o f  th e  eottene omete r  
mirror shdg T/lth th e el.roid.t hestimg ç'ol.ls awltèhedc^osg the . ' .
s e t  waa l e f t  hndlsthrhed for  a t  lea a t one ho The gang®
p airs we.re then, oarefa lly  halamGed.p. and the te a t  hegim.*.
The times taken varied considerably between the testa g 
b%t. the two final testé to mptnreg- were carried, throngh with 
two qperatora In ah ont 1 &' honrs from- the time. ..of flré.t loadings
.G h aervation s .and. .GKle.:n.la.ti:ons
. The readings ., f or the eeveral teet s.g together' with the 
calcula tioné^  are .gi ven . in.. Appendices to 3QC inclnalvc and 
are s.howh. ,ln -Graphs. 1S.«S to .;lSoi.O .Inclnsive...... '
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SPSCXM  «A*
T e s t  .WO'Al
The t e a t  se rv e d  to  p e r f e c t  th e  t e s t i n g  p ro o o d w e*  B oth  
gau ges WQ]?® InitlaQ jLy r e lu G ta n t  t o  p ic k  up th é  .strain,» b u t  
su b se q u e n tly  showed' a  l in e a r  s trèss^^straln /. r e la t io n s h ip ,  .both 
^during, lo a d in g  ahd(/W loadln.g». (^.ee -Graph,i5:ÏS.)ÿ a  
impermanent s e t  In  th e  ..G.onorete o f  appro%im.atoly.':a o f
'IS  % 10"^ .^, No o a lo u la t io n s :  can b@. madÇ' f.o r  :thç. 
o f  , lo a d in g  a s  on ly /W O  gau ges w ere In: bp0 rati.ony:"
t  N o ,8
Graph 13 .,3 ) I sA l i n e a r  stréa .a « a .tra ln  r e là t lO h a h in  
shown by t h r e e  o f / t h e  f  our gauges, o v e r  th e  .'lo a d 'ra n g e  o f  
t e s t » ,  in d io a t in g .  t h a t  t h e  e .c c e n t r le l t y  o f  lo a d in g , rem ained  
Qons.t&nt, a t  a d ls .ta n o e  %. .:G.,'09% y  = z e r o  fr o m 'th e  G en trold
o f  th e  8 s o t  Ion  (% e  Gz^ph 1 5 : , i l )  The am k ia iu m àtfesé  on th e  
specim en th u s  l o l S  x  a v era g e , s t r e s s  , .- The v a lu e  o f  
E »  5 ,5 5  X Z0®ll3/iB®
.Tes.t. W o,3 . . -
This t e s t  was. Garried out Immediately a f t e r  T est Mo,S 
w ithout d is tu r b in g  th e  .set=up o f th e speolm en/ln  th e  maGhlne 
A l in e a r  streeS '^ stra in  re .la tio n sh ip  was again, in d ica ted  (See 
Graph 13,,4)j, the cbnstant, e c c e n tr ic ity  having been, reduced
t o  a  d i s t a n c e  % == 0 ,06^ »  y  = z e r o  from  th e  c e n tr o id  o f  th e  
s e c t i o n . iS ç o  Graph 13*11} . ' j- j
Gauge.s Nos ., .6 and G showed n.o a p p r e c ia h lo /h ^
.permanent, s o t  .of th e  c ionorctc d u r in g  u n lo a d in g  ( 8 ,0 0  G r^ h . l3o4}..» 
b u t th e . b eh a v io u r  of. g a tg e a  .Nos ,. 1 and 3..»\which ..In d ica ted  & 
g r e a t e r  r e l e a s e  o f  .s tr a in  than, ozpe.cted ^ .n m st .be .a t t r ib u te d  t o  
a gauge o r  e l e o t r i d a l  m easuring  .phenomenon..* ':.;: The^  v a lu e  of.
E s  6*0.5 X. .10% b*/in^*. - The d if fe r e n c e \b e W e e n :: \th l8  v a lu e  
end. that: o .btalned  .ln . %éçt No*^ i s  w ith in  . ..the ran ge  o f  
'@%perimon t a l  e rr o r*  . '
.T eat Mo*:.4 - . ,
The th r e e  gauges showed i n i t i a l  i n s t a b i l i t y  u n t i l  a
- cy-
n om in a l s t r e s s  o f  a b o u t 50 lb.<,/ln'^ was. reached*:. - In  e a c h  c a s e  
a eo m p ress iv e  s t r a ih  was f i r s t  In d ic a te d »  so  t h a t  th e  
% ed d ln g  in ^  o f  th@ g r ip s  t o  th e  specim en» w hich  m igh t ca u se  
la r g e  i n i t i a l  e c c e n t r l o i t y  o f  lo a d in g »  ca n n o t e x p la in  t h e i r  
b e h a v io r r . . 'On th e . a sstm ^ tiçn . t h a t  th is , a gauge phenomcncm» 
or  . i s  i n i t i a l  a la c k n e s s  b e in g  tak en  up in  thé' specimen.» new' 
datù m sxfù r th e  s tr a in , re.adln.gs have been  obtai^ ^^  ^
eztr& p.olati.on  o f  . th e  graphs (S e o  Graph :13:*5:):^ : /.( a lso . .
. N e g a t iv e .  Iio.op^ phenomenon I n  c.ompressl-bh .te s ta . ,Para* 14*16}  
.% t l l  a B om lnal s t r e s s  -of approxim at.e.ly .250 I b / in ^  was 
reached^» à  '.lîne&r : s t r e s s  A8tra:in r e la t io n s h ip :  and 'c o n s ta n t  
ec:o.@ ntn.city o f  lo a d in g »  was shown b y  th e  th r e e  .gauges* The
e o e e n t r io l t y  was à d la ta n e e  % 0 ,0 1 %  y  = 0 ,10^  from  th e
G cn tro ld  o f  th é  s e o t lb n  (8 ç e  Graph 1 3 « l l )  and t h i s  r e s u l t e d  
Izi t h e  m azlm m  s t r e s a  &t. f a i l u r e  W in g  l.*22. :X: a v era g e  s t r e s s *  
The v a lu e  o f  E s  6 ,6 8  ,x 1 0 ^ 1 b ,/ ïn ^  was '^ g h e r  than  t h a t  
o b ta in e d  In  T e s ts  Nos 2  and 3  and In p a r t»  i s  p rob ab ly  due t o  
th e  d l f f l e u l t y  o f  m easu rin g  th e  s lo p e s  o f  th e  graphs a o o u r a te ly  
- . Above 250: ,lb/ln/^: a l l  gaugos showed a r e d u o tio n  In  th e  
s lo p e  o f  t h e i r  S t r e s s  ==»s t r a in  cu r  vos in d le a  t i n g  th a t  t h i s  was 
due» n o t  t o  a - change In  th e  é G o e n tr ie i ty  o f  lo a d in g »  b u t t o  
a Ghango i n  th e  e l a s t i o  m od u lu s. The a v era g e  s t r e s s  =8t r a in  
cu rv e  (3 e e  Graph .1 3 ,6 ) shows th e  n a tu r e  o f  t h i s  Ghange,
The.oquation to  th e  stre@s««str.ain curve obtained from  
the é lé o tr iG a l s tra in  readings using, a s tra in  s e n s it iv ity  
fà'G tor o f 2.:,S .1:8 given very o lo e e ly  by
s  3.63 «9 IIG  ;X 10^ f G.,00OGT5 =»
w here d e n o te s  th é  s t r a in  ,
The: s t a r t  .o f . th e  f i n a l  iareakdbwh a t  a p p ro x im a te ly  
,.325 , lb /ln ^ ' was o l e a r ly  r e f  lo o te d  Ih th e  r e a d in g s  o f  gauges  
Nos i  and .5# T hat th e  e o e .e n t r io i t y  o f  io a d in g  ,.in th e  
d ir e c t io n ,  had changed», p o s s ib ly  due t o  t h e  f.orma.tion. o f  a 
oraek» was shown by .th e  in orem en ta  s t r a in  r e a d in g s  o f  gauge  
N o , l  d eo r ea s in g » ' .wherê&s th o se -  o f  gauge N.o@3. in c r e a s e d , The 
eG G en trlG lty  in . the. d i r e e t io n  rem ained :Gims.tant a s  shown
gauge . / Assum ing th a t  p la n e  cro a s  s e c t io n s  rem ained
p la n e»  th e  è c o o n t r lo i t y  j u s t  b e fo r e  f a i l u r e  a t  364 I b /ln ^  
wag z  »  ;@,02% y  % .-0,:Q8'*''* T h is  In iliG atei'' & -maaElzmm s t r e s s  
a t  f r a c t u r e  o f  1 ,2 0  x  A verage S t r e s s ,
The fr a o tu r e  lo a d  was h e ld  b y  th é  specim en f o r  s u f f l e l e n t  
tim e  f o r  t h e  r ea d in g , o f  m e  o f  . th e  gauges' t.6  ^be ta k en  b e fo r e  
th e  sW den f a i l u r e  a t  th é  upper change .of seG tion .: T h is
r e a d in g  gave a s te a d y  G o n tln u a tlo n  %f th e  s t r e s s e s  t r a in  c u r v e . 
Th0 > u ltlm & te  s t r e n g th  o f  t h i s  20 h e n th  o ld  specim en was
A
363 Ib /ln .^  n o m in a l s t r e s s  ». w hich  shows : th e  'ezpOBted in c r e a s e  
In  s t r e n g th  o f  ab ou t 16^ o v e r  t h e  s tr e n g th  a t  28  d ays .
s  pEG n a  m  sfcss5CgïwSHaÆ';fgaa^ sa:^ -g3:^yr:V»fj.-ajgtf»a^  enwW
.Test N o ,S
.The-., tw o p r e lim in a r y  .and th e  f i n a l  y lb ad in g ..;r^  
l i n e a r  s tr e s s< = str a in  r e la t io n s h ip s  t o  136 ib / ih %  th e  e l a s t i c  
m odulus rem aining.' s e n s 'ib ly  c o n s ta n t  a t  5*55 .x:.10^.1b/lnt The - 
. - .e le c tr ic a l  gàûgç-/.r e a d in g s  showed rem arkable, .c .cn slsten o y  a f t e r  
s u f f i c i e n t  i n i t i a l  t o n s io n lh g  o f  th e  .specimen; had been a p p lie d .
Graph . The e c c c n t r l o i t y  0 :^  load.'ing d u r in g  t h l #
p e r io d  was. z . .s. 0;*:06^». y  =. '.0,29; '^ f  rom t h e  ç é h t r o id  o f  th e  
oro's.s S 0 o t ib n . . l 8 e e  Graph 13*12) Which wa.s ratho^p' large .,. This, 
in d ic a t e d  t h a t  th e  mazlimm a tr c B s  was- l c .? 0  x  a v era g e  , s t r e s s  *
A.t .a p p ro z im a to ly  135 I b / l n ^  a  ' snddon. c h a n g e  i n  t
e a j  a  J i m
G G oentzdolty  and a ohange In th e  e l a s t i c  modulus ocourred*
T h is  was shewn by th e  d l s o m t i n u l t l e a  l a  th e  r e a d in g s  o f  t h e  
m ech a n io a l e x té n s m ie të r  (300 Graph 13  ,9 )  and t h e  s t r a i n  gauge  
The l a t t e r  s e t t l e d  down t o  a new s t r e s s  « s t r a in  i% te more 
q u ic lc ly  th an  th e  f  ormer * A t 175 I b /lh ^  t h e  e G o é n tr ie l ty  was 
z / a  '^,:G8% y . a  » and t h i s ,  v a r ie d  W t  l i t t l e » . . u n t i l  th e  -
f i n a l  à t^ g e  .o f  hreaW own coimRenoed a t  WO when th e
e .G G en tr io ity  w as 'z  a  .G*03^» y  :0,.23. '^ (See... Graph 1 3 * 1 2 )
The p o s it ia h .. ,o f  .the; s t a r t i n g  .point, o f. ..the:.'failure, may be J  
..in ferred », frcm  the. gauge r ea d in g s»  t o  h a .v e .o O ^  oh th e
f la n k  t o  whloh. the., gangs» .N6*1B was attaGhed.^'L a c t io n  j
a b o u t y  t h o ' .  ^ . y Q  a x l e  w a s .  I n e r e a s l n g  a s  g a u g e s . . . N o s *  7 "  B h o w é d  i
-equal in o r e a se 's  th e  s t r e s s  «s t r a in  r a te  » w hereas gauge No *10 
showed & d e c r e a s e  and gauge #0*9» . w hich  was ap p rox im ate ly  on ; 
t h e n o u t r a l .  a z l s » .  r e m a i n e d  u n a f f e c t e d *  i|
T h e .c .c c o n .tr ic ity  a t' fa ilu re .w & s.. % -  O.*08% ..y 0 *2 4 ^9 .-so !
that^ th é  .maximum s t r e s s  .1 ,64 .x av era g e  s t r e s s *
.The Agreement, b etw een  'th s  'average  s.t.r&ln. a s  m easured  
e l e c t r i c .a l l y  .and .as. measured. m eoh ân i.eaU y» was e z c e p t lo n a l ly  
.go.od. i ^ e e  graph .13.,1.0). The s t r a in  s . .e n s it iv i t y  f a c t o r  f o r  ; 
the-: g a u g e s  from  t h e s e  m easurem ents' w as 2 ,0 8 »  w h ich  a g r e e s  v ery  
W ell w ith  th e  v a lu e s , o f  2., 12  o b ta in ed  b y  :a s e p a r a te  t e s t  o f  
th e s e  g au ges /on a  . s  t e e l ' . t e n s io n  specim en  c
The av0i%ge. stress^strain curve i s  .pio'tted on .Graph 13,9
The eq u a tio n  t o  th e , t r a in  cu rve o b ta in e d  from
th e  r e a d in g s  o f  th e  m eoh& nloal ex tén oom eter  l a  g iv e n  v e r y  
;G lo se ly  b y
SS • 2Ô5 K» 2X.* 05 M C  ^ ; A % JL #15
w here d en otes, th e  s t r a in *  . =
-
1 3 ,6  . OmEEAL, #  .TEE :TEmi(m T^8T8:..
1,:. ., .The .ol@ otrl.G al s tr a in , gau ges W haved e z tr e m e ly  w e l l  and
s? i
gave & M easure o f  the. s t r a i n  t o  %% aco.uracy o f -2 x 1 0 '='^  ^
.when uocd w ith  th e  G&mbrldge G & lvanoketer»/and 10  %
w ith  th e  M arconi .Instrum ent * T h is  l a  q ù lt é  . aa h lg ^  an - [
aGOuracy a s  h as W en o b ta in ed  w ith  M ech an ica l .gauges .over !:
. ' ■ ' ■ ’ . ■ .  ■ '
. a 1 In ch  gauge, le n g th »  and. t h e  çléc.trlG àl'm ethgK i has . th e
ad van tage  in  t h a t  I t  d oes, n o t  I n t e r f e r e  w ith  th e  c o n c r è te
In: an y  w&y. .' . '
2* .The c lo s a  agreem en t h@tw.eeh th e  s t r a in  e e h é l t i v l t y  f a c t o r  
f o r  th e  gangeO». a s  m easured b y  t e s t s ,  .on .a s t e e l  speclm en  
w it h  t h a t  o b ta in e d  .on ..a c o n c r è te  .àpéclmen» iglves.-  ^ added. 
..çonfldénGe . l h  th e  e l e c t r lG a l  .method ,;
So . The. t .e a ta  ahW  th at: t h e  e c c e n .t r lc l t y  o f  load in g : f o r  th e
/set^aup. n@:@d f  o r  t e n s io n  t .w ts .»  may b e  v e r y  la r g o  (l.,®  *
;
.an:ywh@r@: W ith in  th e  % lddl@ thlzdrhm nhU B:^),. T h erefo re  
.ob ta in  r e  l i a b l e  .ré s,% l t s  f o r  ' t h e  . W.*T *.8 , ' o f  a cono r e to
Ispecim en» th e  g r e a t e s t  c a r e  m ust he  tak en  In  f i t t i n g  |
th e  speelm en in t o  th e  znaohlne. I t  i s  su g g e s t  th a t»  I f  I
p o s s ib le »  some s t r a in  r e a d in g s  sh o u ld  he tak en  a t  lo a d s  |
w e l l  below  th e  u lt im a te »  so  t h a t  any e o o e n tr lG lty  o f  i
lo a d in g  c o u ld  he  c o r r e c te d  by a d ju s t in g  th e  p o s i t i o n  o f  i
th e  ja w s .
The la r g e  d lsc r e p a n G le s  o b ta in ed  In th e  au th or^ s u lt im a te  ji 
t e n s i l e  s t r e n g th  t e s t s  (S e e  companion t h e s i s )  (2 6 ) may be
'  I :
'sa id  t o  be m a in ly  due t o  t h i s  cau se»  r a th e r  than t o  j
v a r ia b le  c o n c r e te .
The equatlcm  t o  th e  t e n s i l e  s t r e s s  « s tr a in  cu rve I s  a i
p a r a b o la  o f  th e  f  omi :«
f  -  n .T .8 .  « c o n s ta n t (u lt im a te  s t r a in  !
w h ere'f*  I s  th e  s t r e s s  f o r  s tr a in : i
F or th e  tw o sp ec im en s t e s t e d »  th e  In dex  was found j 
t o  be, 1 .1 6  and 1*3
T h is  I s  a f l a t t e r  cu rve than t h a t  g iv en  by D a v ie s  and 
Turner . (6 6 )  who found th e  a v e ra g e  t o  be  1 ,6
The I n i t i a l  v a lu e  o f  th e  Modulus o f  E l a s t i c i t y  In  T ension  
f o r  t h i s  G onorète I s  6 ,6  % 1 0 % b /in ^ . The v a lu e  I s  n o t  
d e f i n i t e  ow ing t o  th e  d i f f i c u l t y  o f  m easurlhg  th e  s lo p e  
o f  an ^ Irregu lar^  s t r a ig h t  l i n o .
From th e  l im i t e d  d a ta  o b ta in ed »  th e  age  o f  th é  c o n c r e te
a t  t e a t  d o es n o t  a l t e r  th e  v a lu e  o f  a p p r e c ia b ly »  b u t  
p r e v io u s  lo a d in g  d o e s  app ear t o  In c r e a s e  I t s  v a lu e  
s l i g h t l y .
6^ The lo a d  a t  w h ich  th e  I n i t i a l  e l a s t i c  modulus changes  
was fou n d  f o r  b o th  sp ecim en s t o  be a lm o st e x a c t ly  th e  
rnhxlmum lo a d  t o  w hich  th e  speclm eh had p r e v io u s ly  been  
lo a d e d . No v ir g in  sp ecim en s w ere t e s t e d ,  a s  i t  was 
n e c e s s a r y  b e fo r e  commencing a t e s t »  t o  make c e r t a in  th a t  
th e  d e l i c a t e  e x te n so m ete r  was» in  f a c t »  w orking» th a t  
th e  gauges w ere ^ e z o e r c ls e d ^ »  and th a t  th e  specim en had 
a c h ie v e d  an I n i t i a l  E sta te  o f  e a se ^ .
7 .  The e f f e c t s  o f  c r e e p  under lo a d  w ere Ignored  In th e s e  
t e s t s .  Each lo a d  was m a in ta in ed  f o r  about 2 t o  3  
m in u tes and no c r e e p  was o b ser v ed .
8 .  C a lc u la t in g  th e  maximum s t r a in  In  th e  c o n c r e te  from  
gauge r e a d in g s  j u s t  p r io r  t o  f a i l u r e ,  th e  s t r a in  c a p a c it y  
f o r  b o th  sp ecim en s t e s t e d  was 90  t o  96 x  10'^ ®^ , w hich I s  
w ith in  th e  range o f  v a lu e s  found by o th e r  ex p er im en ters  
on s im i la r  c o n c r e te .
9 .  W h ils t  th e  r e a d in g s  o f  th e  sm a ll number o f  gau ges u sed  
can be c o n s id e r e d  r e l i a b l e .  I t  w ould b e  i n t e r e s t i n g  t o  
v e r i f y  th e  assu m p tion  th a t  p la n e  c r o s s  s e c t io n s  b e fo r e
s t r a i n i n g  rem ain p la n e  a f t e r  s t r a i n i n g ,  by p la c in g  a 
la r g e r  number o f  gau ges around one c r o s s  s e c t i o n .
THE' GémPmsaiGN, TE8T;
1 4 .1
.:/A@: :coûGr@te. i s  s tro n g  1^ 3. ;G#^ v e iy
we&k In - /te n s iw  . i t  . i'S prln çlp & lly  »' f  or  éômpçn.@mt.8
sub jee ted  t o  Goi0ré@B.ly^  ^ iéads:», ùr when
.::its çm ^ .r é 8 s i% -strehgt^ Is; tk e  .importàùtyfaMtér :ln/^ 
''TW!-'Gru8hing/ B tre%  I s  -therefbro. as being,
-the cr iter io n ,
ip.@3t - .speoimehs: ' : a ^ . nozsRidily ? s . s i s © : -
:of ' which, depends, o n  the': c .a p a ç lty  b f  .'the.- tW tlh g ': m&chin.@;* . The 
h e l ^ t  o f  t h e - c y l i n d e r  i s .  in . o r d e r
-t.o a v o id  B t i ^ t  .aç^içh..* "The t'eét: r é s u l t é  
s t r e n g t h  o f  'the .don'creté wi:ll: depend'.,, n o t  dn-ly ' qh th e  ml%».
.but a l8 0 : W th e m e : t h M  E:or-ë%%pl® ':=^
. k :) The lo a d  s.hodld b e  ajT^.lied 
.a d d it io i ia l  b en d in g  ;@.tr@s.8@.8* .
{b  ) The p e e k in g  be  WWn.: tl 
..epecimen may :# f fe c  t_ th e  .r e e h l t  *
to. .p reven t
-p la te s %u<
■ € e > .X * ^ O c = 3
%  acou raey  o f  th e  com p ression  t e s t
i n  th e  author'^ s s t r e n g t h  t@ 8t8.(BG ) t h e / f o i l  w in g  
é%p@riments. w ere  un d ertak en  o n  s m ^ r e s s io n  . o y ] ^  and
in c id o n t a l .  .to- theBoC teatm-» t h e  e tr e s s « s tr a in :  p r o p e r t ie s  oj 
th e  concret®  w ere
The. f o i lw ih g . ' i t e m s "  were^'i^ 
dem it w ith  /
(1 ) The : @ ffeet. # f  r the- o e e e n t^ e ï t y  -ef lo a d in g ,
:(2).\The : v&riatlom .of .-strain' iz%. th e  speelmen...
/{'.S)- The -çicmpz^s-S'ion .s tr e s s ^ s tr 'a in
.The e f f e b t - o f  repe.at.ed lo a q ln .g /to  5 (^  '-of th e
- .'{h). :Th@: GOmpiete.- s t r e s s  =.8.train .curv#-':W"I&l^^ load in g .
(4.) B y s t e r e s i s  and .:P eaan en t ' % t*i ; . . . . '
(Bj The. y le ld in g r y ç f  speoim en u n d er  lo a d .
(0)., 'The-, .r a t io  a f  /M dt.eral .to
(? )  The, volum e ehange#  due t o  ioading:*/;/
:(.$) T h e 'fa i iu r e ^ o f  â  sp^ . .
..(^' .The straih /#:@ ps%  .fae.td tP /fqrthe:-m  gauges..^
-3.SY -
1 4 .3  :o m s n m  -mm m airs«sa?giXStctartcg5a«Wtfjqacnirtu
. measurements: w ere ta k en  on /tw o  spoGlmenB,
w h ich  w i l l  now- bo  a s  the, - 0^.^  and . sp w im en s*
8n@clm@n
(a )  . Th®: specim en  wag IB  m onths o ld  when th is ,  s é r i e s  o f  
t e s t s  w a s .s t a r t e d ,  and .had- been  stored : d r y  a f t e r  an i n i t i a l  
w a te r « e u r ih g  o f  ..three weeks:*.. ., As i t .  wag: ..d esired  t o  .earry o u t  
..a nmob.er o f  mea:$hrem@nts; :lo.ad.g w e l l  .below, th e  .k ltim & te and 
o v e r  .a p e r io d  o f  ..gevera.l w e ek s , .%. %3d.^:speoim warn u e e d , t o  
a v o id  th e . changes., i n / s t r e n g t h  o f  th e  c o n c r e te  w hich  .o.ccur 
dhrin.g d n i t i a l  ageln g .*  , :. .
. TW .fo ilW ln g ., co!i#re^  te a .tS 'to o k  ..p l a c e : . ; pe r i o d
..of" 8. .weeks. .and,./ih: ea ch  t e s t , ,  th e  'Epeciméh/wm:8;y^.W t o  a  
.:.h.omlnmi .e .trek e ..1S0.0 w hich  of' I t s
;ultim&te:: s t r e n g t h  *' S tr a in  re^ iB g e:: w ere .t:ak;#:'^ ^^ ^^ ^^ ^^  tW ' 
lo a d lh g /sn d :  unloadihg.^. a s  wag;. appr.opria.:t%.)'%
- s  tr a in . .gaugeS' and. an 8  .in c h  gauge: iengt.h...:.me%^hical 
..compreseometer.*/:''
T eats. .IWS\.*. i . t o . . 4 . /  . . ' . . '
T hese w erc'. sim ple' ccmpre.8si(m tests .-  w ith /..p ight. o r  n in e
- gau ges In  ope.ratl.on,j... and r e a d in g s 'w e r e  , t'^ke.n th e  
. and im loskdlng .of th e .. ^spe.cim^
T eat. #0*5  ' , - : . .
%  in v e s t ig a t e ;  .thé '^hegative. Icqp:*' .ph@n<menon: ob served  
.previously ?;lth tW . tension tçst.wàç: ca out'
h a v in g  .s lz te e n . lom d /lh crem en tg  In  Which é l é Q t r l # !  s t r a i n  
readings; were/taken w  three tr^ svea^ e tenai'on/gauges:*
T e s t  # 0  .' ' ' .
.. Two G:onseGuti%: lo a d in g  :to à ts /w e r ô  e a r r le d  ou t w ith  s lz  
t r a n s v e r s e  tension:- g a u g e s  :in O p eration »  t o  detoi^&iine th e  
. v a r ia t io n  .of .-tra-n sverse s t r a in ,  a l ^ g .  tho. le n g th - .o f  th e  
o y lin d e r »  d u e  .to -an d  e o n s  t r a in  to;
.T est # 0 * 7 . . . .:teati*-ujas7>«a»sgawt.»an-nnàxi»iiw»
To: de.te'rmine. P o is so h ^ s  .R atio», fou r ..;ç:on  ^ .lo a d in g
runs- w ere made using., tw.o p a irs.' of- :8nitah%",..plao.ed gau ges .*
Te.st.6v. # 0 8 :.* ...8 t o - .11/gqfffæeastaac^saKMgimttgasavrgivi^MwaTr.^BcyaK»:'.:»!.'.
- "The e f fo o t :  h :^':'.:-seven d i f f é r e n t ,  ty p e s
-between, th e .o^imorete.-'oylinder- and the the
-tçs-tln g: maohin.e. -% . t h e  eooent%d;0.1ty . o f  Ibadi'ng.»^^  ^ i n v e s t i  
in'.th.e..s:é.-t#.0't'a.: r W ë W in g  -m /f'dar'.gaug
a t  the-inld.«he^^^ o f  the/.8pe@lm%*- -
«w  ?T acsa a -
(h )  T hé specim en, was 4:5 days- Old a t  t e s t » /  and. had W en  
alr^GUred f o r ' t h e  l a s t  BG dayg:.. ... Two p r e lim in a r y  lo a d in g  rim s  
w ere made t o  .1500: :lb/ïn'^: t o  ^ezeroiee''^ th e  gaugéà». and t.o p u t  
th e  sp ecim en  In  a ^-s.tate o f  e a e .e '^ * .# r .a l n  me^aurementg; w ere  
-made by  m éôhanio& i G:0Mp3?eoaemeter\oh^ . Thé--th ird  .and. f i n a l  . 
le a d in g , waa b y  t h lr t y « t h r e e  le a d  lno-rem ente;..#àtl f .a .llu re  
/Occurred a t  a .nqminai' .s tr e s s , o f  3560. .IbÆm^ m easure^
. m ents were- tak .W  by%éur^ g a u g e s  .s itu a te d . a.t th e
m ld »h eigh -t.\o f the:', ép e .é^ ^ .» ' % d  a l s o  '
.:oempr@8.8<m@t0r 're'àdin-g # v e r  .an. .8 îù é h  '^Uge: :len0th*! ' : % ls  
' t e a t  :is. BOW. ''-':^ . .Z
14*4
.:The': .8#5olm@a.:
, :  . The.-.oyllndrloal .spe.olmehy.lO. Inch^  ^ high; b y  6  .Inches 
.diameter,- was o a s t  ïh  a maobihed s t e e l  mWM;. 0'em.sl.stihg -of 
.à flan ged  W se  piate.».- to g e th er  .wltb. a . -cy llh d zléa l. sw tiG si 
havlng  .a lo n g itu d ln a 'l .jo in t  which was k ept Glos(^: .by -two W it s  
In serted /th rou gh  lugs, provided: f o r  thle.: purpésé*
The mamufaoturlng. prooedure. w as t.o; :plà@@ .a .l#yer o f . .absout 
:lnoh. o f  a . eément«s.and grout In- th e  W t t  W  .of thO' mould,  and 
f i l l  .In w'lth .f:oi0  ^ % pr.oxlmatel^ 'equal, la y e rs-ea c h  'of
w h ich  was: a d e q u a te ly  tamped * The to p  s u r fa c e  was com p leted  
w ith  a, .cement, san d  grout: and t r c w e iie d  .smcçth and le v e l.*
-To o b ta ih  a  smo.oth ;outer\ su rface.» , th e  mouM: whs .hai^  
durin.g.. f l .ll ln g .a , . .. .
W ith s.pccimezis: on w h l.ch :.it  was d e s ir e d  t o  f i t  a  me.ohanlG.al 
'c.m^ressm iet.er..,. f o u r  s t e e l  screws.,...,.-as 8ho#3 .In Fig..*. 14*.1 , were  
. in s e r te d . :in.t:o. h o le s  .provided  i n  th e  w a l l s  o f  .the mould t o  g lv #  
c a v i t i e s '  a p p ro x im a te ly  .& in c h  d eep  .x §- in o h  .d iam eter im th e  
.GonGrete» at. t.h ed e .8 :lred ..gau ge  .lezigbh:.. . - '
J -
.. ..FIG.* .:.14.*1.. Mouldln.g. Bcrems:*. - .
..Specim ens w e r e .k e p t  imde.r.damp a  f i r s t  fo u r
days; a f t e r ,  castlz ig .»  and th e n  # a te r « e u r e d  *
.T h e . T e s .t ln g  M achiné. ,
Thé sp ec im en s m ere t e s t e d  In . à  .i00:»GO0 .'lh I ^ e h ïe  sor@w« 
..powered, Gémp.omïd«lévçr' .beam test.lng. machine.* The lead, 
could, th eo re .tl.ça lly  he. m to' 10 .&:*», .hut .due. to. fr ic tio n .,
hac.klash. .et.c.*,L .thc :load. readlhg.: w.à#. .hnlÿ corr^  ^ to: about
T és t in g . was. .c a r r ie d  :..out W twèçn. W.O s .u h s ta n t ia l. m achined  
s t e e . l  .platens:», one. .of w h ich  w as .placed. On th e . t a b le  and th e  
.e th e r  a t ta c h e d  # :  t h e  lO&din.g. head, o f  th e  zmchln.e*-:
%F our .ré tô s o f  . lo a d in g . .ooulcL 'W o b ta in e d  » b u t  f  
-im orem eùtal lo a d in g  u sed  in. theao. t é s t o  ,  
mot important,#.
The-. M éob anioal ..Giampreosometer
. .The -ooi#re:80om@Wr was .de.8:lgn'èd .fo r  t h i s  :sis.o o f  
epoolmom b y  M r* /E W ilto n  o f  th e  Betters:®#....Po%.t.@.ohnio.» 
liomd.on * . - ' . .
The .in stru m en t : h a s  am 8  .in eb  . gauge .ien g th  and .o p era tes
o n  t h e  Ew ing p r ln o lp lo  .g iv in g  .a 2. to. i  . ie v e r  m agn lfloa tim i.o  
The: movement o f  the.'.upper l e W r  d e p r e s se e  - t h e  p lm a g er  o f  a 
1/10»0QD im eh d ia l .  ,^ n g e  r i ^ d l y  ét.ta.ohed t o  th#.. lo w e r  
f r a m e .:{ B ee-p h otograp h  l a t e  ' R  o m & b ra tin g  so rew  1$:
.inoozporsted...*..
The: ..at.taGhm@nt t o  .the\ep.e.oimen io /th r o u g h  obm ioal. eorew  
.p'oint.8.: whiG'h,; fo r ' .th e a e  te s ta .»  .p iv o ted  %  e p e o la l  b r a s s  
#orew,ai*. ( 8 w  'Fig.*, .14*2): ... . .These: were^ t i g h t l y  .8 .0 .rewed I n t o  
th e ' fbu r' s m a ll  holés:: .le f t :  in  t h e  sp@o.imem d u r in g  :oastln .g»
whioh. ..had: previous.:ly # 0 .#:.
H exagonal Eead
Gompres some t e r  P o in ts
FIG:*. 14:@2, G:(mpr@s3ometer«PiVGt Screws-
s tr a in . G auge,Bet,*
T h is  S'ét.» aa d e s c r ib e d  In  .G hapter '7»:W#s u sed  In  
o % jim e tlm i w ith , t h e  -Mare;#!, and: CaiiA)rldg@ Ga%vah%et:@rs f o r  
read.lng; th e  e le .o t.z^ ea l 'Straim gauges-.*,
.Thé 8tra:lm  Gauge# - .
Ten. B-GG0 ohm- r é e l s t a n é e  » '%. iné,h - l% g . gaugee:'
:#0&*:l..;-t:O ,1'G !lm clwlVe»? Were- .affixed: &t t h e  s é l e a t e d  pG àltionS' 
b ÿ  th e  m ethod de.#@#Wd. .Im Para.:* .10.:*5. t o  th é  . # #  sm ooth
Î . ' - ' ■ ., / ■ ■ ' .
.;!': • - ■..■■■
A f t e r  Téé:.t.,-Në*5':»r g a u g e -#0*8»^ %^
.B.a..ti8-f.hoto.3Ld^ ^%^  ^ .#md two a ld it ic : : :? !  -Eos *11
.;ehd 12. Were added* F o r  th e  rom àlu lu g  téÿt% :a
..wers
&^ peo'imen : - : ...:-%
F.Our, :2B0: ohm nominal reslotanG o» 1 inoh long gauges » 
#0'$;.*,. 13'.» l ê : , / 1 6  and l6i: -w:©r@:.àffixM ;%^
-#er% .arranged :ln :.p&lré'! ht' th'é -mld«h0;i#L%'-où^  ^ -of
a. diameter*: T h # :# 'position .
.-T estihg. .PreoedUre*:
.For ..eaoh. t@ét.- the o:ozspre:8s#iot.er' f irm ly
. ■ '  ^ ■ ' , . - .  
...to'the. spe.0.imen b eforo  th e  .la .t te r  .wa:e. .placed :lm: .the maGhlne*
D é p e n d it  :<m. thé: -hh tw  o f  th e  te-s.t».- .s.ultable .-^ds; wer@: .pl&oed
n
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TAELE 14  3I  Measmrecl P o s lt ltm  o f  Gaiagos
- « 1 6 5 ^  - :
-on th e  to p  aud was ,
then . 8'@t- .car.efu ll^ .W tw een : t h e  a t e e i  .p la te n g  o f  th e  maoh%ie;».
. The a a t i w  stralh-. gmugem:.w@re .aO3me#t,.0^ th e  m h lt l=
r@h@n.B0i $:etÿ./@nd.. from  a
' '
eohq .rete  a^.ooËmêh,i^a%e& a s  n e a r  a s  aohvenI.w t. t o  t h e  .specim en  
under: test#:.. . .A hm all' .'^ tigh teh l^  ilcmd. o f  waa
ne%.t t o  th e  -apeclman-ÿ -#&  s .e t-u p  ahroW ed
w ith  ol0tha:<>. ' The h e a t in g  o f  .the gauge . circ'W .t w ere
.aw itehed ;ong'. ..and tW ' a.et'^up l e f t  h n d ia tu rh ed  f o r  .at l e a s t  one 
hOùr..é, . The gau ge p a lr a  w ere th en  ' o a r e fu ll^ r  ha^  ^ *^3(1 th e  
/ t e s t  heguii.A. „ To a W ld  '^.drlft^ .ih th e  a .t3^ ih  g a u g e 'rea d in g s, 
.w ith  th e  2000' .ohm ga'ugea g: on e  mlh-ute was- a llo w ed  t o  e la p a a  
afto3?. each  gauge: was .aw ltéheà I n t o  q lr o u lt .  h e f  :ore Its ., r e a d in g  
w as noted... .
. '  %0': t im o s  ta k en  f o r - t h e  t e a t  .# ir ie d  oéù.aid.@rabiy^.. a s  
th is '  .wa.8:, a  _f%m#tldh .of; t^he: numher o f  gauges: operation:^
Jàhd. th e  .number' O f /lo a d in g /o o n d it io n a  .tw^^ . A t^ p io a l'
.e^m m ple.ôf .the rat@ ,.Of .load in .g /'#s#  f o r  %0^ ^^  ^ f o r
t h lr t ^ /o u r  ib a d lh g  .b0ndltlOn.Sj» #.tri^ln#,w er^ .me^ fo u r
s tr a in ' ga.uge:.s and' a  {^ p ross'W e.ter^  l^ ^^  ^ # 0  aW tttos',. w ith  two  
qperatora;,'.
14*5 /THE: ..EGGE I^TBIGIT"
: 1 4 ,5 .1 .  :aTW W j.-jL,
/To. à%/c@? f.0 r  t:h@ ..lrz»egal&ri^ lo a d in g
surfaq:®# o f  th e . jspeqlmanp: and: t o  
im lf o ïa i ly  .ovw^ tbW ...some.-
/paqklng speelm qm  and., .the. om #ré,s:slon  /'.Roçks .of .
.the: tea.tlm:g. #;'Ghln@...
EZSTORIGAl TS8T8 , . .
. .  % W n' 'f673 .hà$ sh ornscpzJZM TJüaaaseüa \ . -
.#%& t h e  o f  : fzpaetUrOÿ' a r e  q o n a ld e r c b ly  a f f c e t e d  # y  th e  
: b f  .p a o k ^  .which /w i l l  f lo w  'Outwards tm der
lo a d  a s  .fo.r ez@mZ#l^/#oadg.. w i l l .  q&u$:0 ...a /hl.g..^r th©
/.tÈtlmat@ :..str@ h^ .due .to- a  .teh@&pn. fa ilW 0 ...:W % lt from  .the
l a t e r a l / / t e n a i s  .produo.@d./hy. thq: fore©
.#;t: th e  ends/# . . %  - ^ % l ï é l  .fa .c #  s u g g e s t s
.'the , a ^ M .b .a t lo n .-%  .la .yers o f ': ,p ia s te r  b f  .:%2d 6 ,.:: . S l l «  
.hoaW/g:. whleh/./ls^^ h ç  './hàed t o  qbtalm
a  w l f q r m  b e a r in g  @.m?fa:o.e  ^ a.'lthbugh' %t: d'.be.a...h.o haiaig &nl I t  
I s  d m b t f u l  : i f  It/dob/&: .any good^#.
#mne%%an ,{.3:0j .ca rr ied  o u t  an extem alw e ae:^©.^ o f  t e s t sCgaJcai«g*tJaà?acWu«Taecr.-3Stu;>tf
i n  G hleago. in  .1924 .to  .d e t e a ln e -  th e  e f f é é t .  o f  ta r i .o u s  -end 
q.onditl$m # .on t h è /# l t là m .t é  s t r e n g t h  o f  e..0ner.ete .o .# # r e B 8 lm
Y
oylln d ere #  d ia .  x  high:,*.' / 8^bme. :2yTG0
specimens were tes'ted  a t  28 days and hâd/ ïE^ i%e# o f  % : 7 ,.
2. :'. o r  1 :, P o r tla n d  Gement _to m lz ^ . w h ich
was graded. 1%^ IneW a. do#wa:rd.8,.. . # ir lou 3  end attaehm ent#
were t r i e d ,  to g e th er  w ith  d if f e r e n t  types, of:// o r  
p la s t e r  capa.:. À; \s:eriea o f  .sheet. éould. be
U&.Gd àa a  8uh8t.itu%  .fo r  oapp.ihg. wero g iv in g
..th©.' r e s u l t s  shomi' ,in..the^ fa llo w in g -. -
.'^.tz^iigth:. ra tio .. :#8-. 
^ of' A v era  g e  . . ,:
:b'
Beaver. Board 3 /1 6 ' i;h iek
:i/8 . 3Î"
IllllW a r d .3/16^
le a th e r  . . 9/Sg"
B lo tt ih g  ..Pape.r ...1/32'’: . %
Sf:
Sheet, lead. 1 /8  ' ; M'.
( .S /iS ' '#
.Ooi^ ea:^.et. 'S/lS® #.
r Î /Î6 " #. .
Eubher. s h e e t i / a  2
( 3/^*. ./  . ■11
Bo. beddlhg
, TABm 1 4 .2 . E ffe e t :0f EU'
3^gav»*«tn&j«MW«Ki;8»wtW3ga»^aBjgqggs»«*titaKàaagpaMr^]
"s'
m i
w
92
Bi
m . 9#
rcl*eta«a<sk£5
(^M%«%MKMacaa,aaùmnEz;zi
ml%:.
k,?ŒU=KUt«rKRf.«3^-4AA=«:Mf^.p3rrrœ«r7-&a\AT:n-^,' •^-•.»
R
74
7#.
■zsiré»-'
.63
7..0 
.So 4.
7 .1
7 .2
9 o l
5 .7
.3 .7
6^8
8 .0
ibaa3saaca^ntWcM~-»»w80»»wags».gaJ*tess«*
Frew th ese: t e .a t s  I t  waa/ qqnelod.@d t h a t  
' th e /h e s t  . f o à  o f  w herea# ruhher
. l e a s t  sat^B'faetôry:.: :
Board was 
the
' ReGbnat'motiçm. mzà.Tm
im t h e i r  . .- la te s t . '?Begulatl'Gn8. f o r  the. use- b f  Eeinf..orcéd  
GcmGrete'*,/. Beè... .294#.^, B p e q lfÿ  th0..U@.@.- é f  ê .à idW azd .paoki^^ 
ab ou t 1  %m» t h ic k  .in  th e  detez%iin.e!t±on o f  th e  q w p r e .s s lv e  
8.tr® ngth -of-GODGret.e.;^ ^^
1 4 , 5 , 3 ,  mEAmSGRT8T#Ta^^^m
:vD.j.eet i^ ».
.T hérhuthor^8 .s tr en g th  t e s t e  were: çà r id ed  ou t  
-:ln.. #. ..machine' .in #:hi<A nO: g p h e r ic a l  s e a t ln g , was.' .provided  f  o r  
.the: oompre&sion: plAt.enhg a #  t h a t  g i n .  %  .e f f o r t  .to  ObtAln -a 
W lfo r m  .press,Urb/^ enclm o f  the. spe.0imm.f: ZQi.iihoard: sh e e ts ,
were.', u sed  f o r  :packing*... .To. det.eaMin^^  ^ -i:hç.' ..éffèGt8'. o f  &  
foz%8. :of .packing , bn the. .e o o e n .tr io ity  .o f .m ad i^  f o l lo w in g
t@st.8- Wore rnidertakeh.*' . .
.The- :Te8ts-::*,.-•esacsC8M8Uwiu3répwisM«eaBii!staiyi -'
A s 8 W ln g ..th a t  ..plah-e .croO'S so .otl.tm â'b e fo r e  
.O tw ln ln g  rem alh pian:o. after.'' s t r a lh ln g ^  'the, .pb 8i.tlon  o f  th e  
'Ibad lng .p o in t ./fo r  a-, g iveh . load.- may W'; d e t e r É ^ e d . i f  t h e  
Otraim i-s, Imom). at. th ree -.-p o in ts  o n  &' .Groe.a. o eo tio n ' (Bee
%  th is '  -'serleB o f  t o a t a  t h e  f  o u r  .gauges Bos*' 1,' 4 ,  6 and  ^
9 w h ich  w ere p la c e d  m c la i ly  and s i t u a t e d  a t  th e  m ld = h elgh t o f  
th é  spe.clmen.,. p rb v id ed  G U ltab le  d a ta  f o r  the' .-ca.ÏQUlatl:on o f
O f lo a d in g » . Bevon 
used end, from, the stres8.«eleÇtria^
.Gurvea: .(Bee Graph 14*2) .a h & ( A p p e n d i x - g a u g . @ s  
Bes» 1., 4 , and 9 ,  the.e.GGentrielty was oaléùlated a t  #  
inmainal étress: The -results are given
I n  T a b lé  .14o3 b e io w  :«*.
mone
jT.-aKg\Zantfa->^s»aai6afytt;CT»a;yawattSP»^»w*twmagéi?avttaga;tgjgnMg*»;uyKrt-ra-«fBtv*ifti‘inrïïttgTO
.11 t
? / in s ' ï  i  y m n s
I M illfeesw i % 1/S"tb lak)
G erru g a ted . Gàrdbeazd 
^ t h i c k )
-G&rtrldge B a p er  
. /(.6:: thlGknéS.aéS:) -
.1 B eft: -Rubber Bhee.t 
;:Cl/iS* tiiîek )
.Rubber B h e e ts
.C l/li®  t h le k )
^BorbO:( .rubber pads
=*0 ,*'PB9'-1 '-^ P-WP^ .Ô. I O.s 1P4.
V. a
ia»ii &5 V
I .-.-«*
TAB%: i# * 3 ' . E f fe c t .  of.End^PaGklmg-** A uthor % R esu lts.*  
.(B.ee P ig* .14*5 overleaf):
^ J L  a
B e a d in g  Borew o f  
. T e s t in g  Machine'
B ça d là g  P o in t  
t  radius:
. ,24,oB: . Arrangement, .^ of. S? T esta  *
The- aoGuraqy p f  .th e s e  / r e s u l t a - i m y .^  b y  .the
.Gompatibility of the .four .'^uge,r.eadlng#.with:%
'hyp.othealS'm The reading: o f  .gauge eWl; from th é
.r e a d in g s  e f  gaugo^ #0^*' 3.» 4  and-% - l a .  e o ^ a r e i '  w i t h  the.'
. actual reading Obtained from /the. .graphs,.'the table .overleaf *
A c tu a l
X
» . ■ w
G W @ atlb l.ll.tT  ; o f Eegt&lts .with- % v le r  '<8aftag«M<gaua£jsc»^8aa»wn;nfffr*fasîA‘ ^
She i s  Of. th e  03^ ér.,W  h%t , i t .  may
-aooiomit e& fo r i;  im  - m o s t . 08:80.8 ,g.. by e r r o r s  .ih. .the.: '^ ao  t  
:i.qo8,tion o f  .th e  ga%e8.*'. an.& th e  .lhaootr%oyv::of^^ 
val^B' :8e.le0te& frW i'/th e  grap h s .and :th# .o-^ &
T hose v a lh e a  a r o  jh o t  a.0G wate. t o  more thàh. :  ^##f:%  .as
ré'&dlhgs wôre-.O htàlËeà / to  o.O sipletel
O p e o ify  .the .loàÆ^str&ln. oiirw..e look  of'hom ogeneity Im^ the 
m aterial rimy alsO-ooOomt. f  or mOmO o f  .the %.ë:Oro^
TO m eosnre th ë r '& ffe o t o f  t h i s i .  th e /o ;o o O h tr l'6 ity  .has. w .en  
.e% lhà.to6 f  or' the. f  o%r p 088 lh le. oomhlWt$:^ ^^  ^ readings
f o r  T ost ..9h:^  'ln  TRhleh h0 .paGMng#&8 %.80d.i/..\:TheL..^  ^ a.re
« ? J U  g
© » ' "^ ;0 o©3-4
ABXv&: i%:aS -. : 0:02 iip
t3?ùld. o f
4b.
%.4- l-@@
BoiD'tà 'uàimg
14 ,5 .4  ÆGSCaBISSS . ' ■
-. The tw t@  l'iidÊ cate  t h é t  'thé3?8- waa^. gem oral»  
M t t i e  . Ewl# I f ÿ & û l # b g .  b etw een  th^-
sjpeelmem. t h #
Eowwor^: W;0/. :8hë@W^^0  ^ raW@t^ .:sh@i8t.Èng g'%w o n ly  &
s%mll e o s e n t r l o l t y  é f  loa<a i^ng. ;^ aW  waa #ï@ :W8t<f.03m o f  ,p&oklag 
t r i e d »  T h is  l e .  in  d î .r e o t  .c ^ p o e it lo n  t o  th@:' f% d ln g s  ô f  
Gohaérm&zi iS'Ojg a l t h b n .^  hla: O O nolw iG ^# .w©ré-  ^ on th e  
."altimate^ etrongth»:./.: 'Thë . SérhO' r%hh@r ÿadë: 'gaW  à. rodüGod 
. eeoom tzd G ity  o f  lo a d in g »  W t  wore to o  eprlMgy»:
. An /Ooo@&itrloity' o f  lo a d in g  o f .%'. .W. 1&' p ro b a b le
f o r  th@ à e t« %  WOd ^  oompi»@@8lén, t e s te » :  . Asenm lng th a t  
t h i s  , l a  m s^lhteinW  m it i  fra O tw e » ; the:.';%ltim 
wonld b e  red n oed  b y  %t la :  ^homn ;&  t h e s i s
;bn th e  a tr e n g th  .of: ..eonorote:»^ t h e t  .the:'r o à û l%  a la r g e  
.mnmber Of .oOB#r.@aalon,. te.:et8.: w ere. w lt  abo%.,%C^ o f  .each .other, 
% 0 \ :e%pe:rlmehtsl. reading.s: o b ta in ed  were: ':not a % ff le le n t  
t o  .persB lt .the .a o o h ra te  o a len la t.1 ^ ^  .of th e  MoVeme&t- o f  t h e  
..loadin:g .p o in t  a# tho.. t e a t .  ..progrès eed  bnt.». from, t h e  shape o f  
t h e  graphs.,». I t:  :#ay b e  In fer re d ' that., th e  e o o é h t z l é l t y  ohanged  
.éO n sM erab ly  f o r  .8.tr8aa.ea tm d er 500 :lb/lh'^». b n t  th en  rem ained  
a e n a ib ly  . eo n s t a n t  »
14 .6  ÏHS: mRI&SISa :0F , SÏRMH ÎS  ÏHS B E im e #  USE■«àsàwcsc3ïaKîajitt!=tet»iïïiaï«niat»iaKjBaîW3Csa»a»ïr7WÉroi*hBsîesa3tec:«
SI - ■
14*6*1 :%htrod%et±<^.;.«g4aoaaagaigUKÆigaÆS8o*^TC>at«smayn-ng.gag*'^ .
Tbe f r i e t l e h  b th e  spèé'imen %  th e
the, te s t in g , mioh% e qmàtra^ th® 
en d s o f  th é  speelm en, f r w .  r a d ia i  imader
.ioad^ th e speolmen. W^^^  ^ W:rrei7^@WpW and th ere w i l l  
a  w r ia tlo à -  In  th e  s tr a in  w ith  d is ta n te  f r w  the- enda»
14*6*2 E e o p .S W à ln  Tè@ t8.%  .5p^  ^ '^ G'^
. . '  & e.$ m g h lt% d e:é f  the=, 
s t r a i n  w&s I n v e s t ig a t e d  i n  % s t é  Eào/Bta:) an #  (h )  w în g .
m a »  5:» 7»/ ü » '  1%, 5 and - 
.8 wer® nàed^ÿr a rra n g ed  In' .d ia m etfiQ a iiy : % poBlte^pair^^  
ware: p là ô e d  a t  three- 'd i f f e r e n t  dl.stane,@a. from  t b à  ends .of 
i8.peGlzneh:;»:
;P:0r. ,% 8 t .$(b) 'the:: . e l e # r i o a i  i m l t  àtreaS'
é h ta in e d  f r W  .th e  mean :8.i%@ .o f  th o ' o w v e# .»  .#^aph 14»8». 
Ig^ oz^ n g  àn y , . I n i t i a i  '^ n e g a t iv e . . l # p  ^  %# e  th e  -
@ ffeet- o f  : e e o 0 n tr le l ty '  .of lo a d in g »  th e  Mean, r ea d in g s  -of th e  
.ga.hgo p a ir s -  w ere p lo t t e d  .&galnm.t d ista n e .o 'fro m , t h e  ends o f  
t h e  .speeim en* {8ee./G raph 14*3 and App@ndl%,::^^
14*6*3
. & e  T W t8 I n d ic a t e  t h a t  th e r e  I s  a ô:on8lder&bl@ 
b a r r e l l i n g  o f . tW . specim en^ w hich  i s  snch.
&t th e  m id*^hei^t/i@ ' a b o u t f i v e  t im e s  t h a t  a t  th e . ends» ,%t 
: .a lso  appears: t h à t  th e .  hoop, .s t r a in  i8 ./.& p p ro3 ilw té ïy  co n sta n t, 
f o r  o n ly  .a 8hO:rt a e c t lo n  a t;  t h e  .mid^holght»: . -
..$h@ .th ree  S'tral#..v^^ :èbt&lm.ed mre c o n s ld e r é d  t o  b e
'^^gccd^ valneKi». ' ' .
- 14*6*4... A x ia l  S t r a in  T o sts  . on ^poGlmen.. 0,0:^  .
. _ . .   ^ The d if fe r o n G e  .in, t h e  a x i a l  s tr a in , a t  two l e v e l s
. . n .s in g  m illb o a r d  p a ck in g  may W ^fm m d from  Test; when th e
: f o u r  .^ngos-#oa.*: 1». 4.»/ 6  and <9».. w h ich  wçr@:. s i t u a t e d  .at M-d»
» Were, n se d  to g e th e r  , w ith  th e  ;t#e gaug.e@... m 8  @. 2  and 10  
s i t n a t e a  a t  app roxim a.tely  on@ .«fifth  o f  ..th é  h e ig h t  fr<m  th e  
. .ende., (S e e  Graph 14^
- To e.]i25inat:e. th e  e f f e c t  ôf  ^ eo.ce:ntriCi.tÿ. # f  lo a d in g »  the. 
mean s t r a i n s  a t  th e  s e c t io n s  .c o n s id é r é #  w ere '.çh lcn là tcd  f o r  
m noW inal . s t r e A # - ^  '(Bee 4 p p eh d ix  Z3PÇI) Th#
md.&'l ^S'tz^ln ait t.he micl^^helght: i.A. th e n  .la r g e r  than  t h a t  a t  
.,.o n e -* f lfth  o f  'the h e ig h t  from  th e .e n d s »  The.; d if f e r e n c e ,  i s *  
however», w it h in  .the . l im it e  o f  th e  s tr a in :  gauge read in gs, and. 
h en ce  no sp 0 . c i f i c  c o n c lu s io n  can b e  reached.» o th e r  th an  t h a t  
. th e  a ^ la l  s tr a ih :  v a r ia t io n  is .  n e g l ig i b l e »  . . /T he s t r a in  m easn z^
.176
o v er  .an B. in c h  ..gauge, le n g th »  u s in g  a.
B'hould t h e r e f  ore  a g r ee  \a lb s e ly  w ith  .etralh; .read in gs tak en  
^over a  l,.lnqh. g
« 177-
14.7  eG isïM asia î s îs b s s - s ï s &îjt c m tss
w ç l l  kn/oW th a t, t h é  com plet#. 8tre8.8'=.-
.s.traln  ourve f o r  n a tu r a l o r  a r t if lc l& ï .SitOnéB is.. no.t»:ih 
gemora]» .3in@ar».. . Thé vàrl.ati.(mm: lU' the- sh ap e  th e  cu rve  
.m d e r  r@p@.at.@d lo a d in g , .have, b e e n  I n v e s t ig a t e d  b y  a. .number o f  
e a r ly  exp.@rlm@nter.8: <m: n a tu r a l stonem  .an# .ehnorete*:. The 
p r e s e n t  t e .s t#  #@W. d es.lgn ed  t o  .shW  th e/h eW V lou r: .of. .emi.çret@.» 
:lf: .load ed  a t W ig h t  t h r o u ^  t.o^  f r a c tu r e »  .and. thé-: o f  fe e t . %  the. 
deform atllm a. o f  r e p o r te d  lo a d lh #  to. o f  t h e  . u l t im a t e  
strength:#: - ' '
1 4 ,8 (1 ) . .9MÊ' :S#^EQS :# . ÈEPEATED'.
14*8.».l . B letO ^O gl. To 
IBxnerlmemtB.. .
BaùBohlnger».^ in , 187.5» sta te# , th a t mtWOi ihh#: : e la s t lo
.'lim it and t a k e s  p èÀ à h êm t s o t  a t  Vezy. Zh
.pàftl.0U lar.» w ith  very  hard..a.nd dense. 8 .t# e» :'th  
a re  .hé.ariy p rop ortloha to /.th e  Ibad. .um tli fra o tù rç  .0 a l l
.o thore»  p a r t i c u l a r l y  th e  Weaker st.ohés..»? - th#.-gz^  -depa.rture
.fr<^ #r.op.ortl!0na.ilt.y .l8: at./the: ..sma^  Band»
. s ' t W e s . :mid ..s.oft.'gr.ani.te8. g l w  c .# ]p r e s 8 l .# a  w h ich »  # t  f  
In crease, fo r  load  Inc.reménta» but.afterw hrda: decrease*
.With. r e p e ' t i t lm s  .'O'f .lb  th e  c u r v a tu r e  gSEbdually d isa p p ea r:
iments; by  ( 4 )  -, . . .
..B acb..subjected spW lmena. n im ber é f
rep etlt'l(m .s. éf: lo a d in g  and. that»: r a fte r  th e  . f i f t h
.:leadin.'g».. th e  d efO iW ation ç .'f e r  a  ç.0nstànt/jbi:érem ent o f  .lea #  
w ere la r g e r  a t .lô w .e r  lea d s» , and s m a ile r  a t  h ig h e r  ioada.» than  
é n  the. f i r s t  léadimg:*
Ejq^erimenta. .hy lW i . Ornim  ^ - ' . 'Afe<wàaB>5ea35py.?rt*gs»aws*«a^n?gÿittav*agtfVCTtfk-waL>*<ri«T;;na»l^
T ea ts  en. .GOherot^^  ^ çjllD ders...at:: WaahiBgts;n .l& iv e r s lty »
Bt», , I:oul8..». . l$ 0 7 »  ..ua%g .o.empre:8.aW .ef 8  imch. gauge, length .»  
shewed t h a t  the: ..8.tress.=^:efêiM atlon c u r v e ' f o r  .the f i r s t  lo a d in g  
we# a ' s t r à l .^ t .  U n e  at. .lower a tr e se e s .»  beC W ing upwards
f o r .  th e . h l ^ e r  e tr e s se a » . .. The seeond lo .a d ln g  .gave, à  s t r a ig h t  
:llne: t o  t h e  .maxlimm lo a d  .p r e v io u s ly  .applljW.» F u r th e r  lo a d in g  
r@d%G..ed th e  s lo p e  o f  th e  s t r a i g h t  .l i n e  ( 8 e  Graph 14*5 )»  b u t  
. th e  e f f e c t '  o f  .con tinu ed  r e p e t i t io n ,  o f  le a d in g  depended .on th e  
maximma e t r e s a  app:M.e.d,p
.& perlm eiit8.. by. M ehmel .(40) ' .
.Am . ezt.@ne.ive. s e r i e s  o f  te a ts '  was:- ca is? ied  out., i n  .E arlsruhe»  
1%6;» on com crete  çompreaai.om specim nns T  % 7  '% 2.8 cms*» o f  .
. .1. g" G ...ceiaoht^.gr&.vel: m ix» w ith  .à wat© r«cem ent b f  0.^:63»
-at .an a v e r a g e  a g e  o f  1  year:# D'efozW^tionS' w ere m easured ion 
% 2 0  .GM:* gaug.e' l é h # h .  .w ith  .a , M a r t e n &  :cm #re8.s<m etere .
..GénclW 'ed.tha.t». f o r  r e p e a te d . st.roé@lù,& t o  below.
'the. the. .rçla.tlon . hetweem s tr e ss  . .and stra in '.
was mot. merely m:.f#Lctl.on of stress» Wt was dependent the 
o f  mpplyin:g. the Btresa.». the nmiWr -bf tim es the. s tr e ss  
.wa#y applied» , the pré8Îou.g history: bf stresslng.». hnd other 
faotÇrs'.* When a .Speclmeh has. .hçemyr0.peat'0dïy: .l#deà'mamy 
times:»- :l.t 'là: p..088.ible fo r  .It. to. beoome .elastic: Within the j
.iimi.ts. -of the . s tr e ss  to  whlch . i t  hw: been subjeoted.. Wlthlm |
. these .limi.t$ %ook@% %w. i s  |
Thé orlgln.al etre.ss^s.tialn. ourve: was .oon vest, upwards » - hut j 
8Uh$e<iuently heeaMé .a st,ralght line*. - / |
Repeated .stressing, to above 50^ o f ' the u ltl^ t.e» . gave , |
onrVes which ,were .initia o'OnVez mmardé». hut whloh soon I
h@oam@ oonça.v@: upwai#é (Bee Graph (
. . Am. .e%pianati.cm of the .ohar^ ng stre$s.:^ st.ralh' hehavio^
.1.8 that' the elastlG.. h@ha:.vi.our^  .of' rO^ èr.etwiàr oon« }
trOil®#..'hy .the oomént^  it heln.g' well.,knoi!m'::tWt.:::W^ I
gl.vee a s.tre8s»8t3?ai% oW'Ve #iioh .l.@ oon#:^ . upwards* RepeaWi! 
..loading» vjhen. this .is 8.ufflolontly hlgh.^ r'.fatigu I
#3.ioh takes less and .less :of the elàstlo stralh:-:^ ^^  ^nd - I
he.o.omes plastl.G.»aft@.,r'^  w It acta '.merely./as/'h:'^ '/^  ^ . The
/s.tress.^ B.traln .G.ufve:'Of the -concrete ..i.S! :.thoh: .determi^  ^
hy the .elastio héha-^ Our .of the ag'gre#t# ./' .
. IW d'lng were, .'dhtalned
- w i n g  e l e c t r i c a l  g # g e ,s .  t o g e t W r  w ith  t h e  8; I# ,# :  r-gauge lem g  
.m ech an ica l .G.mipr@.Sé;c%t#r». f o r  some th lr té ë m  r e W t i t l e n s  of: 
I m d l h g  t o  - à  mazlWrn-'Of about- 5.(^ of" t h e  s t a t i o
8tn@^.gth .(Bee %^à#i ., - An
b y  the.: spe-Glmo# p r i o r  t e  . t h i #  #-e.zl@Br 
t e s t a  waa. n o t  .kept» b u t  a n y  ohsmgos;.. In: thé- strçâS .=8tràln .' 
our?PBa.durimg.:thé'a.@rlea'm^
'# ie  mê%  e l e o t f l o a l  strain:: o b ta & M  frm a r
.of- the. , f  o u r  gauges,.#:o&-.-#; 3.» 4»' .6: .and,:.9:» was.: e w l w t e d  f o r  ea ch  
à t r e s a  in  th e  a p p r o p r ia te  testa-^end. i e  .preaonto.# i n  Graph 14*7. 
.:%# r0gula3:l:ty  b f  ,th@: @lOG.tri.0a.l r e a d in g s  .Is: Very good» b u t  
'insp@otl.(mi o f  .the; :ourve8: ohowa t h a t  .th e r e  wa# mO- e ô n è ie té m t  
Gham.ge, i n  th e  b e W v lO w  of' t h e  G:ono.^te O ver t h e  number o f  
.I0 ad.ihg8  .G^  . The. .a,vez%ge: 8l<#.e :.of^%
o l e o t r l o a l  .e tra lh . çmrVea». gl:Va@ a v a lu e  O f Zbtmg^s 
:.Modu%uà ='3.*75 X tàk lù ,g  & .e tr a in  :$'e%i8.1tl,vity f a c t o r
:0f -2.*1 .
The .om^raS'Sm&eter @tre8S='8:train. @iml.lar :to
thOBé' .ohtaih'Od .é le è .tr lQ a lly »  b u t e.l&çkheSB In . th e  I n s  tram ent 
pre8.uma.hly i n  Tosto. %e*:. $ .(aj hnd, 1-0(0.).»/a s  th e
la r g e  def.-oima.ti.oh for: t h e . f i r s t ;  :load .Increm ent l a  n o t  shm m  
th e  e : le o tr lo a ,l  :^Uges,»' The mean .:Si:%o. o  t h o s e .s t r e s s ^
st.ra in  .ourV0a ..(Beo % %  14:@.8),. .g ives ZotOig'^ .s -Modulus -  '3*65
56"
.Agàln n #  G o n a le te iit  change' I n  th e  Whavl:0%r o f  t h e .o m o r e t e  
I s / in d lo a t e d *
B eth  m eth ed s # f  ' s tr a in  m easurem ent shW: th e  8t3?es8« 
s tr a in , cu rve  t o  h e  e m o a v e  upwards w hloh s#:O éB w ith  th e  
f in d in g s , o f  Mehmél . (.4:0)
M 0 8 . 5
%*. ' There- was n o  c o n s i s t e n t  ohange In. th e  @ tr e s8 = e tr a in
Gurve o f  'the .Gonoretè' f o r  some W en ty^ én é  .r e p e t it io n s , e f  
. i e a d in g  .to .:50^ ô f  th e  n l t i i m t e  s t r e n g t h  .a f t e r  tW  ohangem 
Whl.dh. ;o.GoUr the. f i r s t  fe w  lo a d in g s  h&d. ta k en  pla'ce*.
2:*. :The.. ybunig'^S'. M W ulne -in o:QWrek8i.on »- 'baeed ion .the
mean . s .lop e  .o f th e  graphs»: f o r  th e  o tm e r e te  i n  th e  
tested '^  .o o n d lt io n  w as 3*7 x
3* . The gen era l, shape, o f  th e  s tr e s s '^ .s t fa in  o n rv es  wa
v.eonoave .upwards». whi.oh .agre.ee w ith  thO: w pfk o f  e a r l i e r  
experim en ters:* .
14 .9 ( l i )  TEE. COMPLETE .GOMPESS&IOn .8T.RB:88.;.8.Tmim - C m # .
14 ,'9 «1. . E ie t o r lo a ' l ..'T e s ts*
Expérim ente, by .A .*K .yoM e.on  (33:^
'. .A ç a rê fh lly ..a à d w .t.@ .d 8 eM ;W :.G f'te st^ ^  
o a r r i ^  .o u t # t:  .th e  -Maryland. 1929». c^. -G.onor.e.t@
*^ 18S®w
'# b y  dim m tea?»
w ith  t h e  !(obj@6t o f  'çW^&z^ng th e  e l W t i ç  m M u li  ;in comp 
w ith , th o s e  obta'ined :in temsiW;*:. T he o o n c r è té  wa#: o f  
i  :;- 2  i  3  .? o r tla n d  ;G.ement :=* l iW a t c n e  M lz# w ith  
.s ize: of: a g g r e g a te  o f  ' §  ,.ln.Gh* A x ia l  d e fb m ia tl# # .' w ere  
. mea^surédr w in g , tw o M arten ty p e  M irror  
p la e e d  @Groée a d ia m e te r  o v e r  a  4  in e h  gEiuge.: ie n g th *  . A . 
t y p i c a l  w tr e s  8=8t r a in  eurV e f  o r  o .on erete  .3.0 daya oM  i #  
shown .in, Graph .14*9*;. %t. may h e  s.eeh t h a t  thé- .oùrve l à  -
l i n e a r  t o  a p p ro x im a te ly  35^ o f  .the u lt i im te :  '1##.,*
. Exp.erlmen18. h y .R lo h a r t* ; .Brandtza.eg..an# .Brown {4.8)
. 'T est#  on f i v e  p la in :  çon G rete  cO,ltQm8: 40- in o h e e  h ig h  b y  
.lO /lnohea. d ia m e te r  w ere made a t  t h e  % iv e r a lty . . .o f  Z llin .o lE »  
.1$29.» and e t r a i n  m easurem enta were, .made w ith  Bérry: and Howard 
,.8:traln .gauges..*. As. a  r e s u l t  o f  th e s e  te 's te . i t .  .was .su ggested  
.th a t  th e  he.ha.:Viour . o f  o o n G ^ té  0 :h%re.é.8 i.On. o f
..thr.ee 'd is tln ot.. ..8.t.ag@.8.r,(Bee -^Volume ohange# d u e  to- ioad*'»  f o r  
f u r t h e r .d@t.ai.le,.:='3&^^ . -. . . ., :' .
A, th e o r y  ..of ';.faiiure.. :by. B ra n d tsa eg . (1 0  
..the..b.eha.viour- o f  . th e  -oonorete^.d th e se , s t a g e s  .as f o l lo w s .;.= 
f i r s t  depatrture from  e là s .t io :  W M  m a te r ia l
.obrréêponda to :  th e  .beg inn in g , o f  t h e  .:#®###' s ta g e »  and .1  ^
.O'onSide.r ed . t o  ' b e  duo : to- th e  .b t a r t ln g . o f  # l a s  tlo.; . s l id in g  on 
e ieW n t& ry . p la n é  s.. at: s o a t te r e d . p,olnt'8»..aisl. i:in every, d ir e  otiong
**'•*'183'“^
.w ith in  th e  .çpeGlmeû*-. ,,. Thé sp ra M ln g '.a n #  t h le
p la s ' t i c  d é form ation »  .In Wzm.» s e t s  .up l a t e r a l  ,preeS/W@s. m3 
a r e  r e s i s t e d  by. th e  t e n s i l e  s t r e n g t h  .of the, e lem en t a a t i l l  
in ta c t * .  T e n a ile  f a i l u r e  o f  t h e  l a t t e r  e le m en ts  mazke th e  
b e g in n in g  o f  th e  t h lM  s ta g e *  The lo a a  o f  l a t e r a l  r e a t r a ln t  
r e s u l t s  i n  a r a p id  I n c r e a s e  in  th e  p l a s t l o  d éform ation »  and 
f u r t h e r  lo a d in g , s.oon le a d s  t o  f a i lu r e *  W ith v e ry  strcm g  
co n cre te» , th e  s p l i t t i n g  f a i l u r e  . is  th e  m bst n o ticeab le .» ,, 
w h ereas w ith  we.ak c o n c r e te  th e  g e n e r a l  eru m h lin g  and v e ry  
g r a d u a l p l a s t i c  .y ie ld in g , a re  th e  f a m i l ia r  .phenomena o f  f a i lu r e '
..Opinions-. ..on th e  .law. o f  th e  i n i t i a l  c w p r e s s io n  - s t r e s s e s t r a in«^aafetpîuai3J.Ti<rag»trai»igr.v%Cfmt» • '
cu rve  w ere escpressed  ' hy :.=
*
.(a )  .0*-: Bàoh ( 4 )  in .. 1905» .proposed th a t  th e  coM p ressien  .-»5atm;jaaigff8a<a:«cgttej«w.
.. . ./à tr e s .s  «^strain o u r v e  f  o r - d i f f  ere^ ^^  ty p e s  , o f  s t o n e s  was 
.o f th e  -form. .:-'^
-.- -o
w here .o.:.. «  s t r a in »
.\: f  ;.=  -.stress .;
. I n i t i a l .  -MWulu'^ o f  E l a s t i c i t y
and.'W .'-depends :çh th e  p ro o '^ ^ ties  b f ..the.
.fm ter ia l* .
Ee found: th a t, n &= l.*09-. fo r -p u r e -'c o m o ^
':;=. 1*13 for"
(b,) T a lb o t. (54.) de.ri.i^n.g/fozm uiaé...fb^ th e  design-
. . o f  .rolnf.OrcOd/concret@  beams-» assumed. tW  '# tres8 .-s .tra in  
.d iagram  f o r  o:on.0rç.tç: t o  W  a p a r a W la r w ith  th é  v e r t e z  a t  
- . th e  ultimate;*:-. '
(ù).. . 8  tan t.on.. W a & e r #0) In 1919;» from a. #tùd.y o f  a  largo  
nW ber , o f  st.resS'^^Stra.ln.. Gurves fo r  ccmcrete.» suggestW  a  ourv# 
.of- th®' typç: ;= . .;
where #  = . s t r e s e  3m' .ooneret#.»; :. '.
d = .stra in  ,in  Gomcretë»
_k s  a. Gonstamt depending .€@1: th e  ^
. ' 'e: .an approK lm ately coààtaht; ;0zpmmt.*
14*9,2'' The Author'.^.8 T e s t s  on '
The 45. d ay  o ld  speelm en » whl.oh was loaded, tw lo e  
to .'-..40^  o f  ' i t e  u l t im a t e  s t r e n g t h  ju s t .  h ef.ore  th e  f i n a l  t e s t  t o  
fm o tu r 0 » ...g a v e /.th e .h o  .a x ia l. .s treeS m st.:# !#  ou r Vos a s
.showh .la. Graphs: i# * 1 0  and 14*12 The, .#tra:lh.e w.ere . m easured  
,W th  .e lo G .tr lo a lly  and ;m eehan.ioally*-
.T h e.m oan .e le .e ti^ ioa l .e t r a : ln 8 - ^ '  mere o b ta in e d  b y  .taM mg 
.th e  mem):, .of. t h e  r'ë^dlngs o f  .th e . d ia m e t r io a i ly  o g p o s l t e  gau ges  
Eos,* 1 4  an# 16 'for: th e  .strarlns» .and ;Of Wos* 13' and 15
f  o r t h e  .'ho:g  ^ a t r  .Graph .14*11) * ' From t h e s e  eurvea.»
th r e e  stages.. I n . t h e  .W h a v lo u r  .of. t h e  .specimen. o.ah.be se en »  
w hloh a g r e e s  w ith  th e  f ln d ln .g s  -of B lohart' (4 8 )  and o th e r s*  
D arin g  t h e  f i r s t  .s.tago» wh'leh oeou rrW  f z ^ . # e  5(0^ o f  the.
u lt im a te , load.». th o .'# o f^  w.ere' e ib h o 'ly /p r#^ ^  t o
.the. a # l i e d  load».,''./. %  # l u e  o f  Yomg'.^.e. Modulus: was:
4*4:...x.. lQ % b /in ^  ta k in g  a. a e n s l t l v l t y  fa e t .o r  o f  2 * 1  The 
'8ea.omd. e t a g e  . o f / t h e  . d e fo rm a tio n s  o o .o ù r é fr o m  5 0  :to . ; 90^ .of th e
t h a t  th e  e p n c r e te  gr& d û aïly  
m ore p la stiG * .. . % è  -M eràge ta n g e  m odulus durim g .th is  
.p é z iW  was '3 x. The t h ir d  et^g® » from  o f
U lt im a te  load, t o  fr& etu re»  I s  moEt c le a n ly  n o t ie e d  b y  th e  
a b ru p t change cm the- tran m vers#  gauge read ings*: ThiS' smy
be' Been frm i. th@ .lndl"!(^u& i a z l a l  g a u g e s» -b u t la: . in d i s t in c t  
cm- t h e  .meaa a x i a l  ..atra.lh c.urveg*' .Thé. rapid: Im çreaae In  th e  
trans:vc%''Be: s tr a in . c:cmpared. : w ith  t h e  a x i a l  .. s  t r a in  d u r in g  t h i s  
s ta g e » , aupp.ort#. . t h e  Views :of Bram dtzaeg {1 0 ) » t h a t  . th is:  
beha-vicur .is  . due tC: an I n t e r n a l  .s p H t t lh g  o f  . th e  .m a te r ia l*
The G cm p ressa m ter  .m easurem ents o f  s tr a in . ..ever an 8 in c h  
gauge, le n g th »  .show.. #  .s im ila r  . s t r e s s « s t r a in  .curve t o  t h a t  
.given'..by th e  e l e ç t r i c a l  gau ges .except, a t  s t r e s s e s  b e l w  
25.p.,lh/in,'^.(8.#.e Gz^ph .'14*12.) ,.. ..Over t h i s  ran.g@» th e  .m echanics: 
a tr a ln .  roadihg.S: a r e  ahm.crmally la r g e »  , and a r e  n.ct o cn a id ered  
t:ç r@pre.B.cnt. t h e  .n c ism l d e f  orm ation  o f  th e  .c:@neret.e*.
P o a s ib ly  th is , was ..due t o  s la c ls h e s s  o f  the- i n e t z ^ e n t  » o r  o f
th e  . p iv o t  screws.*
The W o p r e l im in a r y . .load ing , rims: t o  .40^ -Of th e  u l t i i m t e  » 
;#hoW:éd. t h a t  t h e  o.ohcre.te; w as s t i f f e n in g ^ u p  d u e  t.o th e ­
r e ]^  t i t !  on...of lo a d *  . .%gn-orlng t h e  i n i t i a l  r e a d in g s»  th e  
s t r a in  was . p r o p o r t io n a l  t o  .the lo a d  t o  6Q$B o f  .the u lt im a te »  
a^d. th e  v a lu e  ..of '. Young^.s M ^ u lu a  o f  B ia s t l ,c i t y ,  was 
4*4i. K .IQ ^lb/in^.* % e  change betw een  th e  aecond ànd :'thi3^
éta g es: ç f  the: deforÈat'lim : a s  d e sc r lb e d  abeve»- i à  m et ap p aren t  
'f theB#. rem u lts*  ; .. -
. .% # a n a l y t i c a l  ei^preaslem  f ô r  th e  e ^ p r é a s i m  etr@ 8g«. 
s tr a in : cu rve  obtalùe#»: U8:lng th e  e l e e t r l o a l  gauge# i s
»  3GS0 -  4*3  X 2A^< 0.0G2BS -
( "0 nA':g'
Where a s .- th e  e l e s t r l o a l  .s t r a in  . .-
0 r »  in  . e f . t h e  .oGnerete- -s tr a in  .» t # : in g .  % ..Ë W B itiv lty
.f a c t o r  o f  2.*1,.
.where: #  q#^re8sl:v@ . 8 t r a lh
The a w w e  /k^.talnW  f r W  i s
shorn in  Graph 14» IB
# n # in #  ç f  Talh#^ 
i4 * 9 ,S  . GmGmEI:(m:8 ..
1^-*.. : .There: .are-, three, d lat'lnô t étages hçfér'é .fra.ctur@ In  the 
d e f o À â t lo n  a specim en W d ér  oomprèFClvo lo rd a ,: .
B:* ' T h é G m ^ r e a à i o n s t r c a a ^ B t r a i n o w v e i B .c l w e l y
r e p r e se n te d  b y  a p az^ h o l#  w ith  1 th  . V ertex  a t  th e  u lt im a te .
l a l  v a lu e , o f  E çdu lu â  chtaîm od b y
and .Mechamloa.l mesm# i s  4,#.# x  1 0 % b /i# ^  
àn d  t h i s  hôid'S' ,50? o f' th e
RépBàtéd. lo a d in g  .té:. 4:0 .^ o f  th e  u it im a te -  g i # s  a  .s l ig h t '  
s t i f f  W ing- o f  th e  c o n c r e te  c-cMpare# w ith  ' i t #  b eh a v io u r  
on th e  f i r s t  lo a d in g s , - . T h is  I s  .In. ^agreement w ith  
.Vhn :'Orh#i^s .(:S%) .#:perimçh'W  (S e e  Graph .14.@5)
, . .  . Z t  h a sr W e n  sh W n  % m a n y  
'C m çret.0  ta k e #  ÿézménent: s e t  a f t e r  t h e  a p p l ic a t io n  o f  load s. 
.;W .ll b e lo w  i t s  u l t im a t e  .strength.#. T h è/.m é^ itW ë: o f  th e  
b ^ s te r e s la . and pBisnanent s e t  was ln V @ éti# ted : %  th e  fa llo w in g ,  
t e s t a  f o r  #  speaimOn. lo a d e #  -tor'Bip^ Ù f it .s /.u lt& m ta . .strength.*
1 4 ,1 0 ,2  . .H io to r lo a l  . T ests;iggpggfsarjacttwff Kii*»agCA‘i>u.*t>ViirtSt^>r-:igpir.i‘.;ftf:fcieft0V3BUa^<»
E xp erim ent#  .b y  #®hme.l, (40 'iirJsgsuatxtA/BUiSsaiGnsxssxSSif^ - '
#m ent#. -h#' .a:.#G.r@t.# .in  o.OMP:^os.^i# ^  102.5»
.le #  .Mehmel; to  .cohGli^e the %he metlOh'#: 1# a  ..eW.@Bs-.=d@f o3matdm. 
GUrve which at. flz% .t a r e  n o t reV ez^ible». reVarslhl®.
through; repeated  Iw d lng». .prévlde# th a t  .a oertéln : o r l t lo a l
. ■-
.etre.sh (hppr<:m.». .50^ of. .the. .u ltlm a.te) :ig n.ùt .#za.eeâed.e^
Ezpezdmento...by.F*G:*.iea\. {
Experiments) were. .G&rrled o u t a t. S h e ffi.ç l#
.1034 mi om aérete om apreesloh apeolmen# o f v.erl.0us m lxee» o f  
h.Dth p r le m a tle  ah.# c y lin d r ic a l, shapes» th e  hiise.' .of the. la t t e r
3#$aee 12 Inches h igh  .by 6 In ch es d là , A. s p e c ia l o p t lc e l
c:amprecE:amet.@r .a f .8 Inch  gauge lem gth was used t o  measure th e  
deforim t.l.on8 .0. . To ensure th a t th@. .o.nd# o f th e  .spécimen were 
.plena , and. ^ :^ ,ra llcl h e fo r e  te s t in g »  th e  ende, were .ca .refn lly
« a .
.. là&dÈ&g t^^bjÿ^M^ tA^ h g^ terém is
;loù;E58 @h$W $ #  Graph .'14«%3 -^ /  - -
14olO<,3 Tb'e,^%%%qr%'%ste.::%
gEkü&/ T%a2%i%B3%l3ü%i :l%& i&&8Gg33%8ü2'8%î^ &ëk sstips&lis- -adî td&es-
eqmG3?@%:0 dw3mg:.':%ààlmg^: t q  appro2dLi#:t;@%, th e
and eleo-tz^o.allSF :lm:'^ ''% %B:«. :2.ÿ, 3  ^
4. :^ d  ;8y and w it h  .th e  oa^^reaa^m m tw .ln  (Beats .Ëoa.*. B and #..- 
From th e  rea d in g s. :0f ,gang@s: Eios.,. .,1.^ . 4.^ .: $  and %  th@' mean 
.'m leotricalL a tr a ln # '  , % r s  Ga.len.l&:tsd 'fh r  eaqh stress.g- th e  
r e s h l t s .  .02^ ' w h ich  are-: ahmm I n  Ch*aph ,:14'e.].4v,., D e f in i t e  
h 3 ^ ta r e s ls \  .was. tes.tg^ .and, a. pem iànémt s e t  e q n a l
.to: a  #tnaln:/h:p,. . 0{^  ^ ',iX'.. was .obtained. %i'@ash 'ih ad ln g«
The. rea d in g s: . .o f .:th e  .W çh^^ c.oa^resâém eter' show .a
.larger- h y s te r e s is : , i ç o p  tha.n .th# . ê l 0 ç t r l o a l  .readimgs.. (.Bee 
Graph 14#14)\g:.@nd @g,nal .ta .a..:S.tra:in -of"
i^ ‘
G;,,::8. . /T his d ls ç r e p a n é y  W W aen  t h e  .e le e ts^ lo a l and
m@.Ghani.o.al .#@&snr@m@ntS'. may h e , d%a t o  -WQk«;=la8,h in  th e  
:m@BhaniGal i n s . t r i m # t  *- .
An .Indlc& tinà- o f  th e  m agnitude, o f  th e  -v a r ia t io n  In  th e  
hoop s t r a i n  d n r ln g  lo a d in g : and m&lmdingg, la - .obtained b y  
in s p e c t io n  o f  th e  otirvea f  o r - t h o  tz ^ n s v e r se  g  ^o.S e: 3g.. Y
and 6. (8ee . Graph/:14.4l8 & % #  Eo.»S .^. e i t h a t e d  a t  mld<=h@lght
On th e  8.peG:lm@ng. showed a  t h in  :hysteresl@ ' .loop  o f  average-
ç o r r e sp m d ih g  t o  a  s tr a in '  o f : 0 : , l  .x- 10°^% ., Ganges. Eos .3 
and Ÿp,; w h ich  , w ere  , s ltn & te d  n e a r  th e  ends o f  th é  ^ ê c lm e n  g.- 
ga-v@ .z i t h e r  :..erratia r e a d in g s  i' t n t  p o s s ib le
e r r o r  Im th é  r e a d in g s  was o f  th e  same o rd er  .aé. t h é  s l z e y o f  
th e  loop*: ..
. . These experimen.te were- Incidental to  th e  
main theme: Wtg, a lth o n ^  they were not oarrlod ont w ith a 
high, degree o f .precision  and thOrohghnew.^. they dO; represent 
th e heha:tl\qhr.' of the ma:teri.al fa ir ly  deflhitely.0:. . The main 
.c:on,elnsiOne are th&t ::« . . -
1^ .. Repeated loadingj»:' a small nW her'of . times to  50^ of. th e  
.nltima:t.e^.s.tren#h,j,: :pr#% oea . . im lt la i ly  a .p e im ia n en t.s .e t m  
each, .loaiizig, :çf. the orier:O f à e t  rain, o f .-G.oS. % 10"^
2 :b., The :el.z@. of the hysteresis loop "beoomeS: .smaller:, with: 
repeat<gd..loading..e This: i s  not o.omel%8iv#ly
h ow ever g .o#in..g- t.o t h e  email .hmAer: o f  r e p e a ted«load.lng 
t  ee t  e imdertekom.o>
1 4 .1 1  K-K vGF'lEE SH SeBSS 1H3EH E9â3 = SPB0XîâHî «D«
. . :Dm"ih,g' .TQ8t M'O'o.lB. I t  w as n o te d  th a t .)  .îh i^e-
o n e  and., a h a l f  -mlBht.êà tsChw t h  maW t h e  é lé c t r iG à i .  .observatlosB  
th e  .stra.ln:ÿ a® lnd.lo.&t.$d .by. th é  m oG hanioai çm&pr@ss 
imçre&é W  .s .M gh tly ). and. t h a t  the. beam o f  the. t é s t l n g  Æ(m0 hlm@ . 
.dréppod.On t o  I W  . ^ g  ± t  w s  h ot. a  .prm o.tlqal
.p r o p o s it io n  t o  ..m easn# .tW  W  .l# d :  Elehi&
maehlné. .dnç t o  . W.okl&8h o r r o r é )  i& é 're a .d ^ g .c '^  ç;mipr.e88a«
m otor w as tak en  ..Izm ed la to ly  on t h e  a p p l lÿ a t id n  ...of / lomdj».: 
and th en  again. f a r t h e r  io a d ln g . - The' goziora l
o f  . th e  o r 0 .ép: Btr@.a3.%.% a p p ro k izm té ly  .oemh^^
Inorem em ts o f  one and a  h a l f  in in u tes 14.@16«
As w.onlLi h o  oscpeotedg. th e  c r e e p  was r a o ld  .h t : :# ^  fa l l ia r e
: ,,, ' ' : : ' '- ' ' :. " -:  ^ - "I::':- .
an& a t  '9#» Of th e ' h i t i i m t e  stren.sth.g: iln crea a e
o f  .8^ o f  th e  stra in ': e:%ls.tln.g% . 8 e lf :  r e lo a h é  W  h y  th e  
ma.oh6aeg..dne t o  flow ln .g . Of th e  grea8:@g:1.8x'.hot t h 6 n # i t  t o  
aoootm t fo r ' m ore th&h, .a amal'l p8ro...en.tagO. o f
A t lo a d s  , above. YG  ^ o f  th e  u ltim a te).:  th e  o .onerete
d n r ln g  th e  one and a  'h a lf  m lmntea 'ç f  lo a d  '^ ^^  
heoam e notloeahlo'.-,..
The mazlmmi e r r o r  » dn e t o  oreep:). 1% t h e  atra'lm  r e a d in g s  
o b ta in e d  ia . not. :groa t e r  than o f  t h é  .n l t i i ^ t e
lo a d )  'In ofoaslm g t o  .6^ j h s t  b e f  ore  fa ilu r e ,*
. •
4 . 1 2
1 4 .1 2 * 1  % ïtr0dw tlm i::
Ih . ' é l3 # lé  t h e o r ie s  o f  @ làs-tié% ÿgr 
-Ratio, f  o r  à; m a t e r i a l -:1s h orm ally ' a sé m ié d  w ith
I n c r e a e e  O f load ' o v e r  :a. c o n s id é r e h lo  :rango.«: - -. T h e v a l i d i t y  o f  
t h i s  às.8.iimptiom. f e r  o.cm çrete wa# t h e  f o l lo w in g
14*12*2' E le t o z ^ e a l  T osts^- ' ca2afeva»i6àî*aiucMFWixHtoiiv*ïmasBiu«eife*te*r4t»«RsiFBi*rte«ssFa!#
T e s t s ,. b y  A /..Johnson. - - .
A@; p a r t  O f a  'é e r ie s  .of 'ù03#re.a2,loh: 'teO ta o à r r le d  'ont mt 
th e  .%&iiy0râity ..of :Màryl th é . z ^ t io  o f  :%  t o  .
lé n g l' tn d ln a i  stra in s'. .wa8: ..measnr.ed).. . Thé. ép w 'lm en è w ere o f  
o y l in d r i .o a l  shape. ^ in o h e s  h ig h  .hy .Inoh.e# dia.e g o f  v a r io n s  
GOm.orété m ixes.) .and. th e y  w ere, t e s t e d  ::a.t. . d i f f 0 ré.nt.. ag6@ <, To 
m easnre t h e  mean l(m g ltn d .in a l B.tra'in on ïa :4- In c h  ^ n g e  'le n g th  
t w o . ' M a r t e n t y p e  .m irror  oompressom®term w ere  .f ix e d  gu. one :on, 
emoh .s id e  .of a  d ia m e te r  ,o f  th e  sDeelmeh * rea d  t o  an
a o c n i^ o y s t r a i n  o f  2:o O. X The l a t e r a l  .ezten
wo.rked oh t h o  p r lh o lp le  .of th e  Iamb- R o l le r  :e%t@naomoter g ana 
was o i% # ed  oh. t o  o t e e l  pado- .pro.'^ided .oh. t h e  o ^ r fa o e  o f  the. 
opooimen.,» ' . ' . . , '
. . T he r e s n lto . f o r  .a- ty p lo .a l ope.oimen o f  1  :;. .8 .:;. 4  ml%) '
te& téclya.t :6 a:r@' Im. Graph 14:qlY»./. . T h ese  s h w
'lim e # r iÿ  v â th  /.3^ d  t o  à  
4Q '^ o f  t h é  ^ I t lm à t e y  changing/ ; # i #  .range:: f r W  to
Above th lé'. i é a d  th e . r a t i o  In éreaB od  a .t  a  é - te a d lly  
!lhçrè& 8% g. » t O \  W  t h é  #lü@ : #e%gy%@: j:W t
& e. U lt im a te  t e h .ç l îe '  e t r a l #  a t  fa llh r B -  w as 800. 
o .ç i# a r ç i  w ith : 8.0:.%: 10'^^ obta in ed ' b y  JoW soh  In  t e n s io n  t e s t a  
. #  s i m i l a r  ,o-oncréto iG eo fà^ ^^ ^^  |
..Té8:t:Si..by..RlG:M:rt4,/Brahdtz^^^^ (4 8 )  '
.:' T e s t s  Wro..o^^  ^ Ont a t . ' t h ç  % lV ç r s l t y  0^ . I l l in o i s . )  . , 
:19B9) on : f iv e  oçn.0.r6.te. ooltmms.. .4'0 inqhéË  h l # i  .by 1 9  In o b es  
d la .f . % eing B erry  '%d -H.ow&rd type: gangee Over 4  in c h e a  ^ . 8  Inohea^^ 
and: .80 'ln ch @ ex The.se .showed t h a t  .P o ls ç  on % R atio . Inor^^
.a t  a ' g r a d u a lly  .ln çreà s& ig \ r a t e  from  a p p r o x im a te ly  O^il. . ( a t  
days.) .) W t  d%e t o  c r a o k in g  w it h in  th e  la r g e  .gange .len g th s  
esi^ lo y ed ) v a lu e s  , o f  t h e  r a t i o  .gr@.ater th an  were: o b ta in ed
.at/ hl.#L 'lO.&da (% e  :Gra.ph .14*18) 6' .% oh ar#' lho.#% ei8tr
W lth '.th é  r a t i o n a l  a  h^mneAnAnMO!.
.and T r o x e l l
,»6. ' jr. c
.P ortla iid  .G:@m0nt(^s)smdstwe c o h ç r e té ) . Ô i  ). 1  ; 4§
and . i  3- G) :'and, maximum a g g r e ^ t e  s i z e  o f  ':1^  In o h e S ) mere
.M tiO i.was shown. #0 / in c r e a s e  w ith  a g e  @2Ep#n@ mtlalîy w ith  time,
T h e ir  t h a t  .P .clsaW  im tlo . ê e é r a is e d  :# ith  Im creaB lng
:8.tr®aà)WOred^^
T e sts . ..by .Wlth.ev"' 0 8 )  :/.'
a  s e r l e s  . o f  exp erlm eh ts. oh r®lhfor@:W,. o o h e r e te  calm m s. 
G&rried c u t  a t  t h ë ; # i l v a r s i t y  -of W i8om alh .f. W ithey f in d s
that: f o r  Btr@.s8 0 8 .:.#idor. 8^^ o f  th e  u l t im a t e / s t r o h g t h )  t h e  
v^lùé: .of fols:8:oh:^.S- E atlo ' .'f o r  o o n çréte . tw.o.: mcm-ths o l d )  '.Increa.sed 
from  B t o
14 * 12 .*3. Author^ B T e s ts  ,qn %eGlmen.4Maf%M*'*a3w&u*»qém<wwwmcM-nA*@w«'RTxmWf»«.ciT":za%f,WTn3K%(NfMTVKifa«p:'mMf«^kA;AtffvdiiüA%a«^^
. ...... .'.T hera& o o f  l a t e r a l .  ,t-:o :longltW^ s tr a in s .  I s
:BValuat.ed. .frcm  .th O 'r e su lts  -cf T e s t  I&.&Y):±h l a t e r a l
.gauges %08o B a n d  & )/a i^  two lm g ltu d l# a i . 'g a b ^  4  and 0^
a l l  'Of Tfibloh. Were.. s iW a t  a t  thç.. mld=h@ ight o f  . th e  .'B.p@Gim@ng 
were, .umed..,^  -  ^ -
A t a / n o B ^ s l  m tr e ss  -of ilBYB :lh/im^). by, taklm g t h e  mean 
o f  t h e  r e a d in g » 'o f  'ga% as .% s.6 S ..and 8 )  'and t h e  mean o f  gau ges  
.#0» 4  and 9)...th@. hoOp and ax.la l. s t r a in »  w ere e v a lu a te d  a t  a 
p o ih t  w ith in , the' specim en:. . Thé '^?.oisson%  B&tio-^' -  .O.o84.y. . 
.eh :!.» a  t y p i c a l  va lu e' f o r  a  eonoret.e. i B  month» oM /.,,
O ver th e  lo a d  ran ge  in v e s t ig a t e d  .(i.*o.. :# « 1800- lb /in '^ )  a\
' \ : - ' r i , : .
t h e  . I n i t i a i  i h e g a t iv e  iaop^  -on th e . W H sioh g a u g e  2?.o.o5j,: 
th e '^ B^oimson As ^ mas inçreasin  g, iin#sriy_: : - (. %:e. F i g* 14) Y )
from % .8O t:O .0)8^^ |:
s'4 *1
I *
-Q
I
| : , 1  o ..
Ak '
lUDB Tjl Ag» ' - V . ' -yp
FiG#_1 4 Àÿ % r là t io m  .in  B o i s s o n I f O & d
' ', : ' "  ^ ' ' = .3&3;33;:]&o.Tr - ' V ' - '
. . T h ere  i s  .an iln'Grças'e in  Boissmi.^s.. .R atio, w ith  . in c r e a s e  o f  
load^. F o r  the. o^cncretB :ln  th e . ' t e s t e d c m d . l t l i B n . )  t h i s  
-in .erease w as from..%*BO t o  b..*86' f o r  & lo a d  .iùGreà&e^ from  z e r o  
t.o- o f  th e  'u ltiam ite)
14,12.*4 The. A u th o r .^8 T esW  .on.-j";Tf-:!K=La=*mWA'kKéaKa*a»iRAy:"'%3Wc»T,'r«n^-a'*T.^ar», jrtgv«fa>gJ»^-; a
. . /  In  T e a t ..# 0  6.18*. t h e  r a t i o  Of/.the. ia t e r a : !  t o  th e
l o n g i t M in a i  s t r a i n  may W .fo im d  from  th e  r e a d in g s  o f  t h e  /  
E^ .os:.* IS  and 14.»- o r  15 .and 16  .) as., each, one o f  &
p a i r  %8: s t b j e o t e d  .to- a lm o a t th e  same: l<% igltM lha.l s t r a in  
More a o o h r a tê ly )  th e  .r a t io  may h e  o h ta ln e d  from  .th e  .mean
atrainS: a t the oehtre o f  the oroas se.otlom of the
G r e a d in g s  o f  th e  d ia m é tr lé & lly  o p p o s it e  
Moa #.' IB, @hd 1 5 )  âàd  1 4 / and, 1$*
The r e B u lt s  from  th e  th r e e  p'08»lbW - W th o d a '/o f c a lc u la t l .m  
frhm  n o  le a d  u n t i l  f r a c tu r e .)  a r c  given: in  .Appendix %%IXy and 
a r e  .#:Own. g r a p h ic a l ly  agalns.t- p ercen ta g é: o f  th@.^  u lt im a te  s t r e s s  
I n  Graph 1 4  *19. . ' . . . . . .
lih çp ço .tltm  e f  th e  gauge r e a d in g s  shows, that: th e r e  w as a  
. l a r g e  e p c e n t r i o l t y  .of' l o a d i n g  w h i c h  p r o d u c e d ,  v e r y  s m a l l  
tr a n sv e r sç ' ,.s tr a ln é  : 0 h  gauge: #o.@lB a t  l o w  lo a d » *  T h . e  v a lu e s  !
o f. th e  r a t i o  o a le u la t e d  u a in g  th e  r e a d in g s  o f  t h i s  gauge a r e  j
th e r e fo r e -  n o t  r e l i a b i e  u n t i l  a  nom in al - « t r e e  s " o f  a p p ro x im a te ly  
4 (^  o f  th e  u l t l i m t è  was o z o e e d e d , Eoweve-rg; th e  gang© p a ir  
15 and 1 6  .In d ica te: the- la w  o f  the- v a r ia t i^ s i  o f  thi.,8 r a t i o  
b e lW i t h i s -  s t r e s s *
D e fin in g , Pdbcon'^ IS R a tio  a s - t h e  r a t io : .O f /la ^  ,
l o n g i t u d in a l  s t r a i n  .l3:#@dia:t@.iy ion th e  a p p l ic a t io n  b f  .a load.p 
th en  f o r  t h i s  c:onorete). th i-s  r ^ t lo  V aried  i m i f o z ^ y  % th  
e t r e s s  u n t i l  .0?^ , o f  th e  u lt ' iW to  s t r e n g t h  was reached  .»'. % r in g  
- t h i s  p @ z d . o d  t h e  w l u o :  i B @ r e a n . e d , f f p m  . : O . - ) 1 8 0 -  t o  , - # - » i 4 8  A t  
stre.s.s@.:8. ébove.-: -.8Y^  o f  / t h e n l t W ^ t o  s t r e n g t h )  t h é  -va lue 'Of 
. P o i 8 S . b n . . ^ , s :  R a t i o  i n c r e a s e d  r a p i d l y ^  t h o u g h  . m a i f o % W . , y )  t o  : 0 . « 3 2  
.jn m t b e-fore  'fM.lmrO), - - . ' , .
' .The,: -agreement' betw een  the- - W e  ^ n g e  p a ir s  'during t h i s  * 
p e r io d  .Was .p e r fe ç ty 'à n d  I n d ic a te d  t h a t  th e  e c c .e h t r lo i t y  o f
lo a d in g , had b een  reda.eed t o  zero:* /The p o in t  o f  breakdown 
Is-' v e r y  w e l l  d e f in e d ). a .êbànge w h ich  i s  n e t . o b v io u s  from  
o O n s ld e r a t iw  o f  th é  à x la l .  d eform ation
i/avj-----(K*A5.ü5wwmatier&*3*^i%tMLfwvry;wtt:a:»
1.6 Boloeon^s Rhtld 'iuorehsod llm ea r ly  w ith  load  to  8Y  ^ o f  
. tho u ltim a te  B trength . o f th e éouéreto.* . The In crease  
fo r  th e  oonoreW  te s te d  was from àelBD to  .0*142 The 
ex p erlm em ta l w.oik., o f  John son  (33.) and Wi th e y  (5 8 ) 1.»/ th u s  
oenflrm od*
.2 6 !Bi@ appare.ut in o r e a s e  in  t h e  r a t l .o  a t  lo a d s  . above 67^ o f  
th e  u l t im a t e )  . i s  duo t #  a  d l s o o n t ln u l t y  I n  t h e  m a t e r ia l  
w hloh oauBea la r g e  trau B ver  s® s t r a in s  * . The In c r e a s e  l a  
th u s  due to: th e  m ethod o f  lo a d in g  ), and. l à  n o t  a  .p rop erty  
o f.th e .oon or0 .W .c-
M o IS. im im B . D mi$(msf:-%C=3twf%*2%&aM^Æpr3m=PKKR*ezfC2:
A body t r a i n
[3à-'€n@: dlr@ù.tlcm :4uè:' 'W #  lo a d )  w i l l ,  
t r a lù '  %  s: «= 8®^ )  whore la tç r W l .#^
■ /kk &S1. ■ 5^:
.4 a, *1 . T esta ..
Test®, by . .%*. B r a n d tsa eg  and Br.mn (4 $ )
ii)iriefli«*wfcw*<a*seZSae«*«aisige5axi*4»«Wiïs»3tw«ya8XCTv2iî«àati»#ea^nî3j6is,î^Kja»r5»iSSîaci3ijesiSüC5svuA53 - .
As: p a r t  o f  tW ' réée& roh I n to  th e . fa llu # # :  
a p l r a l i y  r o ln fo r o o d  oomoroto: a s  à e so r l& M  Éz*; %  14 *9 Bud
14*18)^ th e  lo n g i t u d in a l  and. l a t e r a l  d e fo rm a tio n s  o f  f i v e  
p la in  .oohorete. o.olM mS) 40  In oh es. high. b.y. .10 in o h e s  d l# *  .) 
-woro m easured Under load: .as:., .doserlbod  In. Baray 14.«IB.*8 im d e r  
sp o lssion ^ s Ra.tlo^.*. . The., volim e; .chansea o f  ths d u r in g
t o s t  w ere G aloul& ted from  th e . .s tr a in  read.%,gSg.. and gave a  
ty p lo a l .O:Ufv0 . o f. volumO: v a r ia tio n  w ith  .8.tros.s. am shown in  
Graph"i4.:pB0
Three. d ls tln O t stages. In deform aro' I d e n t i f i e d
D u rin g  t h e  f i r s t  ..8-t.ago ) # i lo h . ooours:. a t  str o .a a es  .fro A
:of .thé ult.l]3mtO). t h e  deore.aa,# In  volume im- .p r o p o r t io n a l t o  
lo a d ) 'The seoohd :stag0  oo:GU#.s to. 80^ o f  th é  M tlm ate lo a d )
of volume, with. load.and. a.hWa an ^InGreaalng rat®  o f  
The . th ir d  :8tago. .lndie.at.0 s. an .In.teM .al .8 .p llttin g  o f  .the 
.w to r la l  which causeB a. r a ^ d  Inerea.s:® In. th é  la.tora:'! plastl.G-:
y i e l d i n g  éf". t h é  c o n c r è te  ^  and th#. volum®' t o  inoro& soo
T est» : b y  A @Ke Joh n son . ..(B4j
A n a ly s is  o f  th é  .t©»t's. #08Ô rlbM  ln  . Bàra6. 14*^  
i*Poi8:soni.s. Eatlo:^').'.shows th a t, a  .slm i.lar  ehamg# Im th o  vélum s 
b f  th@' apoç.lmoh-. Wa» obtalm od t o  t lm t  found .by E lç h à r t)  
B r a n à t^ O g  .@nd. Brown,.* . %@ r e s u l t s  o f  'a-' ty p ic a l  t e s t  are.
8homi:in.Gh^aph:i.#.<^8.0
14 *.15)2 ,Th@: .Author^..# . 'ToB,t .On 8.p@olm@n . ?D^
' . . _ :%lng..th@' mean el@'@.t.rlçal transvor.ao .and.
â x la .l  /S tra in : measuremontB.- fr.om Teat: 3î'o*lB w ith  ,» mti^aln 
s e n s l t l . v l t y  f a o t o r  o f  8*1.). th e  v a r ia t io n  'Ih tW . VoinmetriO' 
s t r a in  w it h  a.tr.@s8 ..ie .shown i n  Graph 14-^.8#.
.. ,Tho;..throe # .ta  a  ohE ^ rosa ion  t o s t  am n o ted  b y
E lO hart otc,» may bo. s.oen in /  t h i s  teat.*. , -%  t h e  f i r s t  atagO ) 
th e  volum o docro.&8om\ l l n e a r i y  w ith  mtroas' t o  abou^ 50^ 'Of 
.tho' n l t i w t e  s tr e n g th ^ . Above th i# .  s tr e s s :  1#: tW ' .aacOnd 
s.t.ag®) and 'in.. 1% .the ra te , 'of change, bf' 'vOlumbtr'lG s t r a i n  
w ith  ..8tre.8a: lhO:rea.m.@.8.. gr'adnal'ly. ..to a maximim a t  90^ of' 'the 
.U lt im to .o y . The .th ir d  m tage i s  marked b y  th e /r a p id  In.ereaa®  
o f  volum e m x t i l  fr a b tu r e *  . -
i4 , i5 .« 5  . .amiam8iGw.a. '
; %her:.vol%me v a r ia t io n  w ith  io a d  
d im tin e t. .é tagea  in.. tho/beha-V lW r' o f  t W  o.w oro'tb
ab o u t . 5 ^  o f  th#:
a *  B#
'formqcl more .eam lly  than.
"ù ltim até .load th e  cem erbte
.5* . Abmvç @9^ o f  th #  .'UltjW t© load ). th e  .'lmor@.a.8@: in . volmno 
o f  th e  a.p@Glm@n I n d le a té d  t W t  a  f a M t  had doV®^ ^
.In the. m ateria l:* ' . - ..
^2Q 1^
1 4 .1 4  E m  F&mwm mm sm dim m i
crack®'Were- observed on tW  mpeolmen u n t i l  
. / thO:Zmxlmm .lo sd  wae^-remGhed* The m ainly
o f  fo u r  lo n g itu d in a l or&oks equ&%y spaoed rOuh& 'the olroim ^
. feren o e ) and exten d in g  from top  to  bottom  o f ,the- 
,;-/Tmo o f  thOBO wore, along, the. 'lin e o f  tW  ooM%oog:someto'r screw s* 
:/0therW i$ç there, wae . l i t t l e  » lg h  o f oraoklng a t  mld=:^hel#kt.6 
.The. sp & llin g  o f  .f^ o f  o.onGréte: OGoUrred the upper 
oM ) and when, th é  %  w&@ removed .frem 'th o 'w  th e
. /top and W ttw  8.urfa.oo@. wore found to  many
. fimo: .eraqkS) whioh .hgd h@@n prevented f.rji# :#pr#a(Mx th e  
' :Ond. e.om straln.t'O f ''tho/p^
The . maximum t e h e l le  s tr a in  reooM@d\ ;hy .a. gauge b e f ore 
. f a ilu r e  wae. .p50.:K.10'^'^). oompared .w ith
.stra in  in . th e. t@hW.oh' t e a t  on oon erete o f  th é  /$amë batoh  o f
. .90 x  lO'^ .^ .* . .A .é% Élàr la rg e  Inoro'aeo .im t.ho:' ton8llo:^^ 8 
. oaim.ol.ty .in. .oo^iireaaicm.) oo^par^  ^ Wlth. ,ite/#0.ha.viour in  
tonelm i.. was observed by A.*#.* joW eoii a
.# t r a in  .o f  .and .300 'x  in  com pris a lorn.*
1.*. The apeçim en f a i l e d  .by hoop' ten m ioh ) t h e  .érà o k  s t a r t in g  
a t  th e  oca^roGàômGter sorewa..*
8 )  There: 1# a. oonB.ld®r^ :lnorea8.e .ih .the te n w lle  stralm
.oapaolty o f  . ç:ono.r@t@ when te s te d  In: s im p le  .obmpressiom) 
..„ .G'piapared with th at obtained 'in tension)
X4 a s  , ai’iïâiH: sE iisiH iufY  FAsses ce a s -  emms
14*15*1 .
Ani/éétlm&te o f  tW
: , th@ 2 # B  pW  .:^ugW  be- dbtalned b y  cmiparlng tW
:. ' # lectrio K i stm 'la. ^  a t  a  m%%.ieular w ith
 ^ . '. . . /^' ' ' 
thé cérraspmdâng' w  smasurç o f 'the .Ar&lh.*
mean © le a tr isa l. stgmia- a t  baa b@@m
' evaluated fr# i' gauge» Mes* 1 ) 4) 1%.p lotted
'.th#-#<m%pr0:88:om@ter measure o f stra in  for' two ty p ica l 
teat»). viZ)\ % 8t using no .]^cklug'^W Bpoolmen
mmd the oompraBslm hcM.) and Teat. %.* :10(b} Using Wo 
rubber sheota as /padklng:. {Be@- :G%%ph 1€)81) - T he# - # v o  
stra in  a e n a ltlv lty  faotora b f ,& lS. and .%8.5 reapé^tlvelyg  
whi.oh la /a  l.w er  figure- than- the .f  * 3 obtained Ih: the te sta
14 *15 *2, _ T ea t#  ..on: .%eolmon
....',TSio atr& ln .a e a s lt lv ity  fae.tor o f  th e  800 ohm 
gauges In  # 0 *1 2 ) 1»: estim ated  bÿ :0'##arlmg' th e .
meah' ..ezla.! .a tr a lh  ob talhed  e io e - tr lo a lly  - w ith  . th a t ob talnocL 
u sin g . th e  'B 'lnoh -moohmsloal. e:og%r@8a.omet#^ ^^ ^
. A» 'the ,gaug#» - #oa * 14. and: .10: were d'l@m#trl.o.ally
O ^ o s ite  each  -other) th e mean of. th e ir 'z^ a d ih g s .glvem tim  
.-mean e le o t r le a l  stra in ' on th e  s@o-.tl:ôh.,*.. Thé m'rla.tl.on :ln
e l e e t r i p a i  -read in gs w ith  th o s e  obtaim W  m e c h m ie a l ly  is.. 
.#ho%.in%.Gr^
Thls sh w s that ), '©xeept a t . the very amall Strains which 
.peour Wiw.,:B50. .lb/in'^) , and a t  . larg^ stra in s which, ocour 
above . o f  th e  u ltim ate .Imd) the rel& tioaship between the 
el@etrlq,&':l and meehamie&.l readings was limear*/ The stra in  
â m a ltiv ity  fa cto r  o f the gauges ae measured^ was 8*0 as 
eompared w ith  2*18 obtained In te s ts  on;, à -s.teel tension  
/Çpe'Gimeh)- and 8*08 obtained on the Gçhorétor.'.tçnai speelmem* 
The very low .-sen sitiv ity  .indloatM  .at, é W il 'etrés 
no doubt) due to.::::th#/':large/stralna .sh<mi-hy
8 ome.ter. I % e : Graph 14  elB;') * ThlS'.' W .a mot oenfIrnrned by  
the eleotrl.G&l gauge») -.and), -as: I t  i s  unusual fo r  oonerete to  
b eh avç  :ih: ^t.hl.s. f i r s t  loadlng)./th@ / gauge
r e a d in g s , .are. p.ohsid^^  ^ s u s p e c t  o v e r  th e  iM tM l'g r a n g e *
A't. h ig h  lo a d s .) due t o  a- .d ls o p n tlh u ity : /in  % #
th e  speoim en .w a s /b a r r e l l in g  éomslderàbl-y:*..:., / %  
g&u-gee wer.@\ rççoÿgÜBàg. h ig h  lo o .a l ..stra3n.e..g Tfheream the. 
..m echan lça l ooB ^ réssom éter  m easured mm a v era g e  .s.-traln o v e r  an . 
\@ 'inqh .longt.he! . ' The: in e r é a se d  .eé33Çltiyi:t&^ ^^ ^^  s h o w  in
th is -  range, may th u s  %e .Ign'ored:*
14*15*3 oemoD'msW #.:..
f o r
.measuring th# strain., son sii^  fa .çté# /ef é leç tr iem l gmiage» 
owliig W th é # r ia tl:W  qf. 8tra:ln along thé: lœ g th  o f .the 
.^peolmon) unies» .à Wch&hlc&l measure , o f thé 'locai stra in  - 
ovcr th ç ie n g th  o f the gauge, .pan be mad
. Eowéver.). I t  w il l  be nqtçd that the valueB- obtaimed are 
Ipwer th&m was. obtained on s t w l  sp.@.çlm®h#). whereaS) i f  the 
:m$.ohaal.qal .gauge- suffered  a lower average stra in  than, the 
e leetr lo & l gauges:) then the a en é itiv it^  would, appear higher.*. 
T his Ind icates a sm all .roduotiom in. the effieien G ÿ ê f  sti 
the gaugea,»... . A ltern atively  th is  may be .due. t#  a iaek  o f  
.Wmogehelty In the m aterlal*. ' %
The aotual; figure»- obtained for .the- S'#n8,it,iVity faqtors 
in the-se- teats: ere., not. of amoh, value .as they may b 
..to vary with tW: 'end:«»paçkimg. wed.) but. the respon».© of the 
;^ ug0 8 to .atrain; .1» e.mflrmed by the o:#^re,@é.omet0 r» .
1 4 ,1 6  M l «moAæiAm im op m m sm m sm r^r,i*’f|«-ri‘g«3Q»tg«i?ferav:iri-»*gngg;aL^ttTt'Jicieia!toiMigmaigeaEaai=sm^maairen«..w.;^
During! tW  f i r s t -  fe w  ç m ^ r e 's s lw  t # 0 t s  I t  
m p tiç M  that:' g&ugea wM oh -wW# ièxpéçtod
i n t é  tm w im i)  I n i t l a l i y  iù é ie & te d  .-When
.qoi#r@.8:SiV0' s t w  hW. reach ed  - a p p ro x im a te ly  #00 tW
:^ugea- began: t o  show . t e n s i l e  s tr a in s .  ^ , mo t h a t  t h e  @ tre.8m« '^ 
st.ra in : om?ve f ç w é d . #  N e g a t iv e .
th a t /G o n o r e te  h o h a v w  i n  t h i s  m aw er)- th ls ./p ^  was/
made t W  # u h 3 w t:  o f  T e ç t  # o * 5 .)  when th e  \#ëaâihg»^ 
trsm sV erse  gau ge#  5^ 6- mnd .Y w ere .record ed  f o r  & la r g e ,
mamher o f  . Iher'Cmmita- o f  ; ioad: (.Boé:-/ Graph j .
. I n  .an a t t e s t ,  t o  ex p la in : this-. ph@n.%#hcm' th é , .fo llo w in g  
'.pointa. Were notoi:: .'aDd:. q-on.aM
{.1.} Thé: trouhl@À wàW::. ::only e z p ô r i i^ o M /w ith ' -  ^ gauges
and w as o b s e r v o d -iû  the: 8l% #lo - t @ n # i . o h ( S e e  Gr.apb 
:13-e5.) /a»: W ell a à  .the G :^!^r@ »slon'tK  
..(8.) The -magMt%#é/;0^^  ^ the. GOm^ressiOn s tr a : ih ,'in d io a tM y  
V a ried  bo.WWm th e  
,:\(3.:). .B arge  i n i t i a l  o .co.ontriG ity. l à  .not: .:à.- .çhtisfaÿ^^^ . - - 
. :çxplan'ation.).,..#8:/n a x i a l  g a u g e /in d io h to d . ten sio n * ;
.-(.#) . Thé 'réâ(iihsà/.:Of: ..t^  ^ ^ u g e à  w ore 'talcOzi a.#, -oaoh lo a d  1  
,^ ^ u t# '& fte#W ln g ..sw it:G h .@ d ih to^
. .d # lf  t).' d u e  t o  .:i%#e.rfo.0t. tem p éra tu re  G##@n@ation.) would 
b.e.'-GOnstant f o r  -
8 e nA changé: lia  th ç  .galvm som eter .remlatamà'©) dw - t o  
W m tim g) &#/##'. w  ç%pl%A%0n':âB. a n u l l -
imtÆ iM wàg w ç d ÿ  - y. . . . - .
G hm gé» Im th@- re.àl@:tanq@: o f  th é  dmimy gau ge  e r  th e  P e s t  
:0 ffiC #  B'dx. r w l » t %  # z # .à ih  th é  phemmm b u t
s o m e .e f f e c t  m W ^ d  aim é b.é/.nçtçd on th@i # im # ro 8 8 lm
jgfüOLgg&E&q '
:Thà _ g&.ugw. in d lG a té t  a  ,G03#z^.88.1v@'pormahen se t . in  th o  ' 
eon oroW  W  w h ioh  i» . .mç#t \lmpro^
The- :g@her&l. .àiçp@ o f  th e  lo a d in g , and m iiém dln cu rve#  1»; 
th@: sam ê) 00. t h a t )  i f  t h e  i n i t i a l  Ig n o red ) th en
t h e  lo M lh g . and im lo a d ln g . c u r v e»  haW  m e h  .the mame 
s .t r a ln  v a lu e  ..ht: , z er o -.lo a d *  . - ' . . ' .
.(8 )  . The. oresm  'B:#n8.:itlvity o f  t h e  g a u g e s /hàÇ\%W^ #^  ^ to.
W. n e g lig ih l# : . :(8.e# H .*5)
(.9.) %@ shape; o f /  th e  ourve o h ta ln o d  .).. m uggeste ma.y
co n m lst o f  t h e  a d d i t io n  .o f a  . %m,sl.on, .phenomenon w h leh  
. . . l #  d lr e .q t ly p r o p o r t lo n a l  .to lo a d )  .and . a . M o i# r esE l.m  
.phenomenon.^ i-jhleh inoream es' e x p .o n .e n tia iiy  w ith  tim e*
. A. e a t l s f a e t o r y  o x p la n a tlem  o f  .th is  phenomenon h as n o t  '
jTCMGBldL. .
Eowever..) from  the. o v ld en o e  g iv e n  I n  Items' . ( 2 ) ) : ( 6 )  end  
( 8 )  )  I t  may ho eon o lad ed  t h a t  th e  n e g a tiv e - lo o p  i # ' n o t  a
rf GO
of the MhavMur Of 
Thé W&WdératMm» given % . ) (5} mad
, ( .#  d #  mot &s a l l  'gàÿgeÇ/Wçùld be: a f f e e t e d ,
..%© ph@#4mem#i/.may tM refore W a. gauge
method o f  : a ttach m en t ): wM,:eh/is: t o  V0%»y
. c  • . ■ ■'  . '  . . .
A» the. gà.uge»: WhavM.
' ' .
.In itia l comprowléa:). the '^ m@.gatlV0. .1qqp,%:./^  Ignored in
a i i  is: %é àlFéétly
to  stro».». over, thé load range,-eoà.»lèorèd::
Durlii.g the. w#l.tlng....of tW.» .the#l8)/::ah/.%  ^ report
ieÇUéd -hy th e  .R*,A;eR;%.: :F.&.znb:or d;@8.erlbC# ' toh^^^^^ t e s t s ,  on
fih#...wires Ih which: the eloctriçjai réB lst^ cè':cW wore:-
'moa.s:UF0d fo r  .v&z&ou9:: :8.tra& In .,partlCul&Fj^ ! for ni.ekol. wire)
the .fraG:tlonal r.oaiatamo® ohang.® .wW f  . C m d - n e ^ a t i v ®
: - ' :// : .: '-  ^
for small tw.8i'%/:.»tra:ih8) but. s.uhàéWéhtly poàltlv®
a8the/#raimw#.rf##.tWr&érWs:ç#::(Bçé/.%^
.I t  .is (iMte.raàsonablè; tç:'âugpose'..that/.h^^
.ph#omonon .#0:0^3#%/% ,.thé hi.chroMë/w^
.BÆ.6G./.6' Gaugo#).. , . # îi8 /'  ..givm: .a 'sultéhl®.- 'ç^plamatlgm # f  tW
%g)Q*43to
w %s X
V àrlatiQ si i à  B e s ls t^ n e e  wlt3 'of
1 4 ,1 7  m  .ma' o o g o m s im s  m s  o m p m ssM m
5?SS3?S ■ ;
1*. 3h of\]pa.cMà.g the apeelmez^
8m& the- eoî#a?@asl6n platens of, ^
little:^: i f  reà%Gtlon lat- the eôWhW 'of loading, 
'%ln 3^hb@r :Sheotàÿ .
.0:» , &:o@at3?lOlty':0;^  ^ #^%ffiolwt .t#
o f  % tW  u ltim ate Btjpehgthl8^p.;^8hahl#: % the setostap 
i&isekl a . . ' . : ' .  -
3:@. ,'%er0. W'B eWoMer&hl# h a ir e llln  o f . thér'a^sèGl^ mider 
lo&d.^  #hloh w o  a^aeh thatg with mlllhba3^ .:Ph@ki3^  the 
hoop #tz%lzi a t tho' mM^^holght o f the: epeoiisém w  #hW t . 
five. tizBOs .:thAt;yat tho^o^
The. a%lal strhlm - v&riatiom along , the  
speolmon warn n e g lig ib le  ,
4,, With re,p:@at0Gl; .loading to  50j^  .of the/. :%lt%at©: strength g 
a fte r  the^  i@^dihg8:g. t h e @ t r e . @ 3 «  .
- etra ln  cm??sre:wao ..%hohaiigedb3r h fhrthW':'.'W 
; ropetitipne; o f  .loading;^, She sWp#,:':%:'the,,;^  ^ wae then
" oonoaw opwâiîa:^
-5,. F or  th e  - v ir g in , oonoret®  4'5 -days- oMg. loaded.: tb ron gh  t o
frm stw eg:. th e  ;8tre8^8.=Btrmln c.nrve w&a g iv e n  b y  t h e  p a ra b o le
=  %6Q .  l a .B  X 10^(01,00156 .
Whore d e n o te s  th e  oom presBivo a t r a in  , .
6,0 v a l w  o f  Xoimg^s . M-odhlns: o f  E ia s t lG i t y  o .o i^ resa lon
W 8  .iSoT.;t .lQ ^lb/.in^ f o r  :e%or®t@:: l8.3^ w hloh  had
been  , r e p e a te d ly  .lo a d ed  t o  o f  I ts . n l t i ^ t ®  s tr e n g th .,
She low  v a ln e  .was presum ably' d%#. to  ..thé z%ip®ated lo .sd ln g .,
Ÿ.,; Frosa s e r e  t o  50^ o f  th e  u lt im a te  load g  .Modulus
was é,..4 :X. 10.% b/in'^ f o r  th e  v ir g in  o o n ere te^ 45 d ays o ld ,
;8:6: a o n e r e te  In  Gompresaion, imdergo@.8 th r e e  d i s t l n e t  ehanges
b e fo r e  fraô..turé#. F o r  th e  t e s t  oicm dltidnsg t h e s e  o o n s ls t e d  
o f  ':a Eooke 3Law s t a g e . t o  50^ o f  th e  u l t l s m t e  g. fo llo w ed , 
b y  a: seml<=*plastio: s t a g e  :to^  90^. o f  th e  .u lt im a te  g when a  
d l& G on tln u ity  ooourred  'w ith ln . t h e  :BpeGlmem w hich  aoom. 
eauGod fraot^ro.,-.
/volhmo- Ghangee In- th e  G onorete d u r in g  lo a d in g  w ere a 
v a lu a b le  g u id e  -to: its-' b.ohavioqr';, and G io a r ly  In d lo a to d  
t h e  th r o e  gt&g08 th e  d é f  orma t io h s  b e f  or® fr& eturo: 
m on tloàéd  in  :W') ' . '
. 1 0 ,  l o a d i n g  W  '  .
. U lt im a te  stren gth^ , and l e f t  a  perm àneùt s e t  a g u a l t o  .a 
s t r a i n  o f  4.«5' :X.. 1 0 ^  each  t l ^
1 1 ,*.. Gréap. o f  the- o m e r e W  %  th é  W é ' z ^  lo a d
w as n o t iG é a b le  ,abom  '70^ o f  th e .u ltim a .te : .Imd.* I t .  
'ImGreased r & p l d i .y ' w i t k % g W r l # # y .% d . j u s t  b e f o r e ;
f r a o t w e  a m o m i t e d  . t o  , #  # . f  t h e :  t o t a l  s t r a i n . »
/  ■ '
1 S .0 % 0  P:oi8 a.m3 '3.s ;]%.tlo f  o r  th®:^  o o w r e te . 18 month# .old. w h ich  .
. .  , '  W d r b e e h  . r e p e a t e d l y  l o a d e d g .  . i n c r e a s e d  f r a m  0 . , 2 0  t o  O o B S
"'hvér. t h e  lo a d ....rangé'from  sero- t o  .50^ # f. ..th®: U lt im a ta
.:15#.. vi.i^gln ::éonGre.ta 4 6  .days: .old had_ a Hatio:
w h ich  in c r e a s e d  l i n e a r l y  from  9 , 1 %. tc: .#6.i4B. o v e r  a  lo a d
ran ge  f rem .âerë t o  .8 '!^ o f  .the u lt.W atc . idàd::, . '
14*.. &cr@-. w as an im crca a ç  .of th e  o r d e r  .of ;5:0..^ in  th e  t c n a l i e
s t r a i n  c a p à ç it^  o f  th 9  Géncr.ct..e. when 't e s t e d . i n : . |j
oom p reaa lon , compared w ith  t h a t  o b ta in e d  in  s im p le  t e n s lo i 2o'
15.»- .%é:%.'G.0 .:Ç % .rc 8 i B t 8n c é  I
c ' . d m p r 0 % . 8 l W  # r ' 8 : ^ s  w h é n  . 8 ù % ^  t e n s i l e  i,
.stra in s#:. & c . preois@ - r ea so n  l!
& lth o n ^  .'it.:# sg  b 0 : a.. ^ r c p e r ty  .0 ^^^
BEAM BESS'S:
1 6 .1  IH$R0I)SC3!I©H ■. : ■>itf3Uau^JA»7trr;'ri'‘f‘ii»irffwir.xj».'aggwyracaaaaiaaMai,.
% #  ,g .u a llty  o f  & ocÉGreto:: may bG jud ged  b y  i t a  
rGai8tanG6'.*.^^y: . %  prep G rty  i s :  b ç s t .m ç # w ç d  b y  a 
'd i r e c t  t é n a lé n  t e s t  butj, ow ing t o  th e  % fflG U %  obt&lzzlDg 
t r u l y  r eB U lts  from  r a th e r
v a r ia b le ,,;  \  A transverse.: b eh d ln g  to s t;  beam
I s  th e r e fo r e  'Often. %  a s  .a m easure .of beemuse
I t  1,8:' ;S:lmpler ;,tO'^  g l.vos. more oon# r e s u l t s . ,
:.ln. a d d i t io n  a s   ^: ,ln praG.tlGe g .:a bezid:in.g ao .tloh  . l s  .the m ost 
G.oimnW form  .of loading^., I t  I s  c la im ed  th a t . t h i s ,  forim  a  b o t t e r
'cidt@ rlon .o f . its : . strsn:gth@. '. ' . -  ^ ' ' - . '
ThOi r e l i a b i l i t y  -of th e . r e s u l t s ,  o f  th e  beam t e s t s  w i l l  
.depend, on th e  mathod o f  lo a d in g ,  F or  'InstanqOg i f  th e  b@nd.lng 
moment i s  .a .maiclmm a t. o n ly  one .-.sec t io n  ;of^  th é  beam » th m  t h e  
r e s u l t s  w i l l  .probably b@ h ig h e r  than  i f  a  c o n s id e r a b le  le n g t h  
i s  -su b je c te d  t o  th l.s  b en d in g  moment, T h is  fo llo w s: from  th e
'^weakest, .l in k  th e o r y  ..of ' '9zi th e  o th e r  hand.'..,^  .I f
the .loading IS- Audh :tha.t sOim: torsion, is  also: put into the 
.:8p0.oim0'm.^ , then io# results w iii .pr@:vai.l»r  ^ - It/ i.a. '.therefore !
ad.%#abl@... t o  .obtaih^ .B:os#.- W.&.suro .o f th e  ao.curaGÿ o f. lo.ad.lng. fo r  ; 
&' .p a r t io i^ a r  éotAîüp.; .^ .j
'The u lt im a te ' t0n .a llo . \8trongt.h i s  .eomotimés- é a lo U la to d  f  rom - ; 
tho:...ro#ul% . o f':$ '.%  For';o;!^pi% ^. .'^  |
.for th é  %'é o f  .z^olhforood oonoreto^-: M l) in. Franoo-^ !
.Bpooify that, .-tho ten.sii.@: à.tr@ngth sh a ll, ho fhum# b y  t 0 s:tlng.. a 
% uaro; .B:e0tl:0%i o f  ' 8%@.: !h '. and. l .w ^ h .  %o\h@am s h a l l  b e
.é is^ ly . .oupg.orte# a t  itm  ende: a.hdL .eo n tr a lly  :i0aded./im frao.ture, 
'& e t'ono.l.lé .étreng gh^Ll he d etez^ ln '^  -h^ t&M:ng. # ,#  .of the  
.hre&Mng. stro-se.. o a lo u ia t.o i '0laotie.al^^ . EWover^r I t  should . 
hé. n.oted^ tha.t th é  o ù lo u la tio n  o f  th e  u ltim a te t e n s i le  stren g th  
from, a .fleza ra l.. .t e s t  i s  .dependent on th e  .stres:® :stra ln  
d is tr ih u tlo n S  as-sumed».
Thé: a t  r a in , v a r ia t io n , i n  th e  d ep th  of" a p la in  G onerete  
beam l à  commonly assumed t o  he l i n e a r ,/ B ^perim ents havo heen  
oa rr lW . out: i n  th e  p a s t  ^  t o  m®aaure th e  eW n g e  in  le n g th  o f  
d if f e r e n t :  .la y e r s  o f  the; beam -over le n g th s , .o f  8  ;ino;h0 g: or  ^ more# 
The U su à l .m@.thpd. has b e e n  to' m easure hetween. p ings- Ih se r to d  in  
:the.;:GGnor.ete': .^, .al.tho.Ug^^ in te r fe r e ^ , .if. .a l ig h t
w ith  it# ;  heh a .v ion r*  .- The o le o t r lo a l 'g a u g e  off.er@d the. 
p .o .8s..ih ility  .of  ^me.aB.uring More lo.G ai s tr a ln s -  w ith ou t: . in t e r f e r in g  
w ith  th e  eonoretO g az^i thus, o f  j .u s t lfy in .g  .or condem ning th e
as&umptlQB e f  h y g e th e s lB  ».
%@ qiae8:tlg3a a s  t e  w h eth er  th e  t : 0 n # l0  ,Bt3^:in c & ^ o l t y  
;Of oenoret®  I s  a .pro^pert^ e f  t h e  msLterlal.g.-er 'ÀetW.z^ I t  
ii<%3&833cbB €83 "tSie 2BGrk%is%& odr :là%8Klija|Sp kïài& Ibetezi laajaar
y e a r  a» . ] h  th® p a st^  i t  h as boea n e o e sà à ry  t o ia e a a w e .e v e r  
. la r g e  :ga%g@: .iehgthsr^^a^ i t  M a  b0®%ï. .@%t3?eme%:(iiffiGi3lt
la : h e n l ln g  te a ts^ :  t o  avol&^^.w d%e t e  t h e  f  e f  Very
.sm a ll h a ir  ora.oks : w i th in . .lt@.: iem gt'h p : %® r  e B ls  ta n e a  s  t r a in
gang® enable.a th e  moan s t r a i n  t o  bo m aaaw M  o v e r  a  .Very s h o r t  
le n g t h  'az%l,..thii8 glveS' a  g r e a t e r  'eW noe o f  a v e îà ih g  a. oraek^ and  
.of .o b ta in in g  a  roM 'ab le  m oasnre. of  ^ th e  s t r a in  o a p a o lty  o f  th e  
G onorote#
1 5 .9  '%a»a«;»MWWv##rC=a
The t e n s i l e  .s tr a in  o a p a o lty  e.onGreta h a s  been  
Btnolied by many expérim enterez s ln o e  th e  dl.8oo.ve.ry o f  r e ln fo r o e d  
oG nereto  Qon8tràGtlOn.é:. G O nsidère s ta r t le d :  .the: e n g in e e r in g  
world.. In. 1.89:$.. b y  .s ta t in g , that: r e in 'f  oroed :C;.on.Grete had, W e n ty  
times.: th e  s tr & in  o.apaG'lty o f  p l.a ih  .obn.oretO; and f o r  the. l a s t  
f i f . t y  y e a r s . otbor.o . h a t o ;  d le p M v é .h ie  finding^;,
.lnolud.lng, .E lo in lo g e l  (.19:03)..^ % oh  :(1W7).. and Évahs ( 1 9 4 6 ) .
The :8:train v a r ia t io n  .i.n th e  d e p th  of. a. o o n é r e te . beaK 
b een  % ve.a tlgatG d  ..by Goldbeok (.P en n sy lvan ia  » 1910)
F:..G.4t ij.ea .(^heff.lold.j^. 19%):.^;. ând  'R.ÀR:.#. % a n e  ileeds:^,:. 19SS}.,.
J - O g o
2.1. f:à?iS.GX.TX S îæ R niB îM S«giiat. w;tf v.
. ,0GDmiâ.0r@!. .(%5j ji- who .Garrled. o n t  t h e ' f  i r s t :  t e s t s  .
(on th e  s t r a i n  e a p ^ e l t y  é f  'OonGrete :ln t.@58l.le
...àtralna.' üp t o  '9%6: ,in. r e in fo r o e d j oOmeréte: b  b e fo r e
o r a o k s  appeared ,ÿ.:..#he.reaBi In  p a r a l l ë i  tést$::'W  G.omGrete
. beam's f  the:, breakim g . atr&.in w&s-, 1.00. "tô. ^DO .X ,iO^.A^ -Others a t
a W n t th e  aame. t .e e t s  'Gar:rl:@d :(mt. and
(.61:). d laagre.ed  .w ith  th(
fotm d in: 1.905 t W t . . f o r
len t 6 the. ..8.train before.: a  .oraek
q n a h t l t le g  o f  
W e th e  .aam8 f
t h a t la ,j , : .1 4 8 t G .1 9 6 .x lO :
.Qonsidere': '(.1:6.) .repeated' h la  . t e a t s  # a  .1.9:05-^ ^% .la rg e r
r@ lnfOrc.ed.Gono.rete. :b#amSÿ^ ^^  and f.ooM  t h é 'a tra im  .G&paQlty^ t^  ^ be  
99:0 toz .500 :x.;.l'G™^ ' f o r  dâmp.«=énred' spe-oWensy. and: . to . 1070  
,.^ . ^0'«6. f o r  w:ater«GiKF0d (aoeolBens*^^ .
% e h  .'(5:) y.. a l s o  f  bond In  .19.07 t h a t  t h e 'o f  f e e t  o f  water^» 
..qnring waa.:t.b in o r e à s b  th e  b r e a k in g  stra:i8^::.and\that^,. f o r  
.,airc»G%red p l a i n  . :bbnb% th e  s t r a in  e a p a c it y  .130 t o  160 .x
. ...'ErWhs . (.95.) 'b o n t  t e a t s ,  bn a nimb0r::of' p la 'in  and««caaawwiiwrst^ . . ' '
're in fb rG ed  c<mo.ret^^  ^ beame :lh 1 9 4 6 y. h.a.ing a  /ln q h  M r r o r  ' 
G xtenaom etbM . and. 1  %  :ro ll'ér  m ir r o r  bxt.em ac^ters^ on th e
tm s lB B  s w f a e .* .  G reat tseab lg .. was tak en  3m a@apeb.lng foi> th e
f i r s t  eràoks: t o  appear y., and. zdLorosGbpB a g iv in g  950  m a g n if le a t lc
3%e)Z%5 laSWBGltt
T eats, ware a lso , earr lod . o n t on a ln d la r  t e n s io n
spéblimna^y.' and t h e  .a tra ln  .e a p a e lty  moaenrodcr y
-Be 0 :onçlW@:a th a t  th e r e  la . no; a e n s lb le  d lf fb r o n o o  betw een  
:the a t r a in  o.apaG ity o f  p l a i n  aM . r e ln fo r o e i .  o.onor0t.@. In. t e n s io n  
.or bonding^,-' . Thoz g r e a te r  .o ± :t.o n a lb illt .y  o b se r v e d  In  r o ln f  oreed  
GOnorete b y  mome. e a r l i e r  e x p é r i m e n t e r was e n t i r e l y  due t o  
.' in 8 n f .f io lm t  .Mgn.ifiGat^^ and p rep ara tion , o f  th e  o o ^ o r e te  
enrfaoiOf w h ich  . r e e h l t ^  In^  th o  r e c o r d in g  Of th e -o p e n in g  o f  
.m inn te Gracks.t„- . . . . . . . . _ .
I5 c2 * 9  a m m  ;
TectS: by. 0 e ld b e c k  (B9-) ('\.:::.:i-.i
Fr.c#. te'8.te- a.t  ^ th o  d i v e r s i t y :  o f  P e tn ey lÿ a n la ' In  19.10 on 
-p la in . rec:tangalary  :qb^  ^ o f  1  .s 0o ld b eek
. eonelnded' that: the- 'strainH l cnrves: arey.aW  w ith
.a tendency to  .b.eç.pmey-"Conéavo ypwàrde 7ab.ôve\':.the:. n .en tral a%i.8..y 
-and concave: domiwarde bçiçw. the. n én tra l. à;^  ^
progreased:., ' v
K cr o m ete .r  screw  0 %t^ o f  94.:.\inc.h@8 gahgc le n g th
.w ere. %s.ed.)Which mehaared .to .1. x  lO^^^ncliea:.^' ,
.F arther t e s t #  by Berry and .ao.ldb.eck (B) on re in fo rced  
Goncz^e.tç/beams :showed t h a t  t h e  p o s i t i o n  of. th e  .n e h tr a l a x i s  
.was. hot: .changed b y  .r e p e t i t io n s  o f  . lo a d *  -
■217<
î a a t »  bs- PiG». i is a  \ o a i
% a ts .  W ere m ade a t  th 0 '% ilv @ :ra ity  o f  S h e f f ie ld :  l i i  .1954 on  
r e i n f  ore.ed oom erete  Wàm 11  Im oW s deep^.. b y  7- In c b e s  w.ld0:^
10  f 't  e I W g  .of .1. .;: .9 : 4. .mix. b y  w e ig h ty -a t , .ah .age .of S' mcmtMl 
cOn'ora.te had b een  w&ter«=p.nred. f o r  .one- waek*. fb llo w a d  b y  I!
. A .fo n r  p.qiht: ip a d lh g .method wa.a M e d .w lth  ..a c.e n t r a i  àpam 
o f  -36:' InchW'p.. and .s tr a ih  meaanromentS! w ere  tak en  bn. b o th  v e r t W l  
f%OGS o f  th é  beamg; .'nâliig a p e c la l  m irror- comprea-sQmoterSj^: w ith  
the. à.caie.s â ç  p la c e d  t h a t  th e  aecnracy. .of e .tr a ia  measurement 
w'a.a. %.o V e r t i c a l  l in o s ' .o f  e t h e l  pl#8: w l e t
.-into the., beam IB :ln.qhea a p a r t  g eaoh  'having, h izs# pins,*: ..% ln g
. th ese , a s  the: .ga%0 marks..# -the- change: .'In le n g th  nin:® d i f f e r e n t  
le v e ls :#  was^measiired. w i t h .t h e  ooEpreaaom etere. ' ^ e e e n t r â l  
.d e f ie e t lo h :  .of t h e  .beam :wà8- me.aah.redÿ n B ln g  àn ,.18 In e h  e.addle  
r W t ln g  bn tw b o f  th e  .pina^ and a  d l à l  gange .a ttach ed  t o  th e  
.speelmeiio:..
The. .r e a .n lte  show t h a t  . -
.(a).. -The a t i^ m . -at.. .eac.h. .la y er  wàs .prbp.orti.bhal. t o  th e  lo a d #
"qp t o  à bend'ing. moment -bf. :1:W' tb n  :ïnG'h0s«,.. '
.(b.) The:M' w as & iêtinG..t h y a te r e e ls .  aiid .pbrmahent' a on eaoh  
..load ing#  .'the. a is .e  o f  th e  .loop rem aining: a:lmo@t' -êonstam t 
. .a f te r , th e  f i r ^ t  t h r e e  lo a d in g s .'%
7(qj . The 8 .tM in ..d ia tr iW t io n . above th e  n e n t r a l  .,axi.8 :is
.prcmbrti,bn.al :to dlÇztanGo f  rm i th e  axie.#. w hereas bèlow *
, the; strains are g^reater and the o w v e  . is éo down;^  
wards , to the . .
%#t.s. by RÆe'.'SvWs: (25j .f |-i rrimmiirmii-Mn,#nirimiii r i ifu hi ,: r n iif-rTrVitrix-i^ i^trra-ftV^nrriK'-ir-
Experiments' at the, diversity of .3êéds .1# 1955. were: carried |
ont 'OH' plalSL' rectangnlar concret# heams# .ü8lhg'& f our noln't-
: . ■ . " ■'■ ■ . ■'■■:. : ■;'■■■■.■:', " j
lo&dln'g, arrangement, and & .special, portable : gange length ^
extensometer#, .engagWg la pins snltahly .pos.itlpned, on. the side i
..Of thé. beam*
.. .'  ^typical reanlt .Is- shown ,1^  ^(h"a.ph'15oi.:and^ .l^  that ||
thé strain. di.8.tzdbn.td:0n Is linear imt'll fallnre# :8nd .that the I :
.nentral, axis: does .not-lise. as: .In re.infOM I
Ee ..conolWed . that # as the, stre.s.soa' are small# the only . 
reason for a change of the nentz^ l .a%ls#. wbnld .W. -& change in 
the. .plastic, pr.opertles.. :of the oonçrete:. /In '.tensl^  : %d oompresi^ iGM 
Therofoi^ . .plane aoc.tlona. .remain. .plan.e..o
. %lng .mlrror:.exténsome.ter8.. re.adlng to l' K  inches over 
an 8 .Inch len.gth..y. Evans also Sihbwed that thb .creep In the. 
concrete ..Is .sensibly thC: .8;am# In tension and :@::mmpr@s.8:i.on. at the 
same 'stresses.,-. This' verified the: expérlmehts described in the 
..Bn'ilding. Reseàr..éh. .Btatlon. Eép.or't. .1^^
The maxlmma'' tensile, s . f o n h d . : :  to ..be.: somewhat 
..great.er.thân the..cbz#rç#8lve. 8tra:ln^ ' . . .: '
fn^ h^er tests .on :re'lnforeed beams (.94.) Evans, conclnded 
that the àtràln' 'énrvea- above the: nentral ./axle..#: at high, loads# . 
-are generKL'ly con.vex. to .the axis# and thbsb- .bblW approximmtely 
. :line.ar * . .
SHE À m » R ? s  BSA» a s s e s
.15.^3 .GByEGTa.m
% é  bb jéG t Gf th è sç . ézpezdmentB was t o  aBéert& ln*' 
.(&) th e  beam d id #  I n  f a ç t #  rem ain p la n e
on b en d in g #  w h loh  wonld enable, a b t t  r& tib B al
qsLlçnl&tiozî: tb: be. made for- the: o f  th e  ..obnorete,
.(%). . The ten a il.G  s t r a in  é a p â o l t y  o f  t h e  .G^ onGrete.: in  bend lng#
. .and. t.o' GOmpare th la : w ith  th e  .s tr a in  G a p a c ity  .In a l3 # le
1b(5%ü3l031*
.{c.) . The .d0:grG:e. o f  .p e r fe o t ib ^  o f  lo a d in g  f o r  t h e  aet«,np naod  
f o r  th e  beam to a ta * .
:0n .tlin e  -Of: t h e  Beam .Exper
Two .p la in  G bnorete beama #, app roxim ate.ly  6: In oh es deep  
.5: Inohça: w id e  b y  4 8  InohGa lo n g #  w ere teet.6d  # ilG h  are now 
d o a lg n a to d  t h e  and ^F^ :8peQimen8::,
.Thé apeGlmen was .14% weoka o l d  when f i r s t :  te s te c l#  
had. .b@.en ^ator=Gm?@d f o r  1 0  w eeks# and àir.«.énre(i fo r ' th e  
.rém alnlng time''.*. %.p. .p r e lim in a ry  t e a t s  wore 'éa r r ied  o%t' 7' |.
w .eeks :&pa3:^ t:# I h  w h ich  the- :straïn8- .on th e  t o p  :and b ottom  s n r fa c e s  
.were . meamnrW. o .lo G tr io a lly ,..  w hila.t. - th é . beam iô.aded t o  a b e n t ' II
^ . : ■ : ,  .. ■ y
.5:(  ^ o f  . I t s  .qaM G ity.*,. - .The f i n a l  t e a t  th ron gh  t o  fra e tm re  to o k  '|
p la ce , when t h e  . specim en, was: 7% .months .old..# .and. e l e c t r i c a l  ;{
"Strain me.8.8nromen.ts w erç  madO': b:y '8:1% .gau ges f o r  s ix te .e n  lo a d in g  ,1
:0 .ond.ltiona.,,;, .The mo.d%lnÉ o f  M otn rél or-.tM n svorso  rnptnre .
B tr o sa )
#220"*
w a s ..5 :e 5 :» / la 2 ,.  - '■ .
Sis; *F* .spsftifflsn was a l s o  14% w eeks a'iasn f i r s t  t o s t e l ,  and  
had bad t h e  same c n r in g  a s  t h e  :8peqimqh *:. / S ix. p r e liz a ln a r y  
lo a d in g  t e s t é  W  ab oh t .66^ o f  th e  tCLtdm&tç iè a d  w ere c a r r ie d  
o a t#  b a t  no r ç l i& h ie  .o tr a in  read in gs: w ere o b ta in e d  owing to: 
é iç c tr l'c .a l .  tr o n b lc a ,. A se v e n th  t e s t  p ro v id ed  s t r a in  r e a d in g s  
.a t f p a r  d i f f e r e n t  d çp th à  the'beam * -The f i n a l  t e s t  t o  
f r a c t a r e  was. wade whon .the sp oclm  wa:@:: 7%' .mozi:th3:. o ld '  a p in g  a 
now7 s p t  :of e iep tr lG .a 'l gaa g es # and. s t r a in  W asare.Bent a  were-, 
p h ta inp d  .a t  .eight: d i f f e r e n t  d e p th s  om th e  %e% f o r  t h ir t e e n  
. lo a d in g  p.(mditiqna.*.:. The m odnlns o f  m p tn r e  was, 415 I b / i^ ^ ,  
c e n t r a l  d p fl@ .etion s o f  th e  beams w ere me.asnr'ed w it h  a d i a l  
. gang® .in. b o th  f i n a l  t e s t s *
15*4 TESTma. AppAmTn%
- .Thé' .^peqimens *;
. :
The . beams, were: c a p t  ih; s p e c i a l l y  .o:c#Ptrd0t.6d c o l l a p s l h l e  
W0.bden mohlds.g. g iv in g  specim ens: n:oMj3.&l.ly inchem  deep.# b y  
:5, .lhchp p  w ide# . :W 'Inche'S: long*.. F i l l i n g  was .ca.rr.ied o n t  
w it h .t h e  m onld hori& onta^ .In fo n r  a p p rh z im a te iy  e.qnal la y e r s .  
..of i% Inches*!.. . .To ..b.bta'.ih .-smo'oth .o n tw  the:...monld was
hagmered: d h r in g  t h e  e a c h  .layer..#. - Thé s.pGcimen.s .were
kept..déz#.: .dnring ::in l^  ^ ctirizigg % d a t  . 5. days, w ere removed 
khe m onlds .'for wét@.r#cnring.b^ ^^ ^
#223.™ '
. T estin g : Arrangem ent
beam was t e s t e d  on th e  g a d d lé  o f  a  Bn@kt.6n IP  ton
l e v e r  T e s t in g  MaGhine# w hich  wap. Mnd.. d r iv e n  th ro n g h  a
worm and wheel*. . . I t  w as s y im e t r iq a l ly  anppOrted on. s t e e l
r o l l e r s  o f  % In c h  rad in s, o v e r  .a 27 in c h  apan.*. %  o r d e r  t o
;teot. 8  q o n .s id era b lé  ie n g th -  o f  .the .beam# fonr- p o in t  loading..#, t o  
( ._ . . .  ' 
g iv e  a  im iform  b en d in g  moment o v e r  t h e  oen trm l se e t lo n # . was
arran ged  b y  p ia .c in g  a 5 In c h  w ide, "by l  in o h  t h ic k  .a te e l  .t
.s y m s e t r io à l ly  botW0.en th e  e n p p o r ts  nn th e  npper s id e  .of
beam*. T h in  made: l i n e  -dontaots- w ith  th e  beam at" W o seG tl.(m 8
.15 InG hes .apart#:, .throngh "â" In c h  d ia m eter , e t o e l  rods, w h ich  were
w eld ed  t o  it .*  . .The a t e e l  b a r  was c e n t r a l ly  load ed  * As th e
..t^per .and lo w e r  anrfaG oa o f  We." beam were, n o t /p .e r f e o t ly  p la n e#
:padB, o f  .1/16' In oh  th ic k #  s .o f t  rab b er s h e e t in g #  w ere p la o e d
betw een  th e  o o n o r e te  and th e  fo u r  lo a d in g  p o in te #  t o  a v o id
t w i s t i n g  t h e  8:p@olm8n b y  .eo .oen trlc  .loading*
The jo c k e y  welgb^t and i e v e r  s c a le , o f  th é  m achine w ere  n o t
anlt.&ble; f o r  m easu rin g  t h e  r e l a t i v e l y  .sm all lo a d s  .Involved#
ow ing t o  b a c k la a h  Ih  - t h e  M c h ln e  and c r e e p  :6f th e  çonerete.*.
b e t t e r  .arrangem ent#/ g iv in g  a. o,ontlni%on8; record, .of the. load #
.ob ta in ed  b y  p la e ih g  a  la r g e / prov l.n g  .r ing .be:tweén .the c e n tr e  o f
th e  . s t e e l  b à r \and th e  moving/^ t e s t i n g  maehlnzo* To
encnre. t h a t  th e  . s t e e l  b a r  :Wé3 loaded, c e n t r a l ly  In  b o th  , th e
. tran8.VGr8e...and. i.6 n g l.th d lh à l diréG-tiona#-. and., t h a t  t h e  p rov in g .
d id  n e t  sp r in g . W t  mnder .load# % in c h  d ia m e te r  s t e e l  b a l l s  
w ere p la c e d  ât' th é  and b o ttem  o f  t h e  r in g  i n .  d im p les siade 
f o r  . l o e a t l w  i n  th e  s t e e l  b a r  and .in. t h e  p la te n , b f  th e  t e s t i n g
maehine:*. .Pbr e a s e  o f  e e t t l n g  np a M  f o r .  s a f e t y #  t h e  b a l ls ,  
were :16oa@:ly hoM . . l a t i g h t ^  h o le s  In  .p ieG es o f  th in  m e ta l  
pl& te*  The dead, w e l ^ t  -of th e  r in g  a n d /a t e e l  bai* was 4#  lb*.
T h ep h otégrap h y .T la t^ ^  é h .W 8 .'th é .g e n ç M la ± ^ n g e B ^
w ith  th e  e le .o t r ic a l .  .gangea. :in p o e lt ic m *  .=
- - ■ r
The: .d@.%ila o f  t h e  .e tee l:..p ro v ln g  r in g  a r e  shown in  P lg * 1 5 * l  
.The-/arm was. a rra h g ed  t o  .sn it . th e  f i x i n g  in g . o f  a stan d ard  
plm i.ger t.yp.o...l/^0#0.O:O ,inch . d ia i .g a n g e
-The. .qa:llb3?ati(m o f  the- r in g , was. ç a r e f h l l y  c a r r ie d  o ^ t  i n  
:a étandardl-àed, t e s t i n g  maohine- t o - a  maximum: lo a d  .of 9  ton #  and 
i t  was foim d t o  have a lin e a r ' l.oad: def.ieG'tidn; 'G baraG teris.tie  
o f  4 7*1  ,1b.: per: l/l0 .# 'B p 0  Inch*.... .It. was there.f-.or.e p o 8 s .ib le  'to 
read  loads, to- an &.o..Gnra0 y  o f  5 lb*. .
% i8  .meth'Od\of m easuring, th e  lo a d  on- th e  beam en a b led  th e  
,amoimt. o f  th e  .reiêas'e . o f  l.oad# dne t o  o r êé p  .ln  th e  q.on0 r e te #  
t o  be. m easured * .
O ontinnod
}D efleo to m eW r
o f  . th e ■~o
im ohiné^ th e r e a v a i la b le  t^ d e r  th e  beam
th e
sh m i In .P lg b - 'I5'@S,.. was borrow ed from  the. % y a l  E a v à l C o lle g e  
G réeaw iéh t o  .overo:0me thl.&: d l f f l e ia l t y k
.Gontlzimed
Beam
K: M ulti'^Ohamiel S tr a in  .Gauge Set*- .  ............  ....  ■    ■ ■ Mrc'ie=aSM3Uii^tiai6iicaiav*ifle2tiB»w*dl-?^£:2rsxa22«aa«25f!a‘^»2au»g»oa»raw«g«a
, '3WLs s e t  g &:& d.ea@3?ib@â .iln Ghapter \ ^  
cimjnn:otien wl^ . OainbrMge and Maroohi
r.eacllmg the e lèe:tp lea l stra in  gaugis#.». . .
.% @ ,.Strala .Gauges: - .
ras. ùsed \ in; 
G alvanom eters f o r
P.or iâiG p r o llm lh a r y  t e s t s . ,  fo .u r  ^ 0  ohm, .I 'ln oh  lon g , 
gauges.,, #08 . %,. ^ and 4 ,' w ere w ith in  .th e  o e n t r a l  15
l.noW.8 th e  heam t o  sm ooth p o rtl.m .s  Of th e  top:
bottom  surfaoOa.,: bgr th e  method, d e sc r ib e d  in  Par.a.o. %0..o5#
# 0 $, 1  and ^  w ere one fa o e *  and # o s . 3  and 4  on th e  o th e r .
Aà: a  f h r t W r  oheo.k , e x t r a  gauges and -IS w ere a f f i x e d
f o r  t h é  f i n a l  te s tp - #no tO' oaoh fa o e b / A U  ,;th$ g&ngeà. funotiom cl,
g a u g é s  o f  ,200! ohm nom inal. ree l^ tàn G o  ,. 1. in e h  
ipziG, . d é s i g n â t #  .5 , .  6 ,  V , 8 ,,  #  ànd '.10,.. w ere a f f i x e d  
to...the:.beam ,. # .ù 'o n . # o h .  o f , the. %.%. hottom  faoos.,.. and fo u r
:at v a r io u s ..depths: ..a 'V ertioa l faee.^  o f  .the-. 8peôlmén.;ÿC Over .a
. . .. « ■  ■ ■ .  .
..p.eriod .-of .a lx  weeks:., d u r in g  wh:l..eh some:. si%: pr8l.im % ar^ lo a d in g  
run8\w ere. ..made,, 'thre.®:: .of . t h e  g a u g e s , #  and .10. hrok.e
dowh.#. For' th e  f i n a l  t e s t ,  t o  .fr a o tu r e ,. the. .hroken #uge8.., wore 
. r e p la e #  .and .a d d it io n a l, ones:,. #.os#. 15., 1 4 ,  . 1 5  and 1 6 ,  w ere  
f i x e d  on t o  t h e  . ap.eelm en, . th r e e  :on th é  .v e r t lo a i  .faee- .and oho. on 
th e  to p  .surfaGe Of .the. %am^. D u ring  th l.s  t e a t ,  g a u g e s  Eoac 5  
and 1 4  f a i l e d  t o  _ r e c o r d  *
# > t e  ;.«» . .% o eza.o.t lo c a t io n :  .o f a l l  gao g es .ia /ah om i In  Pige.^  
.15:«4.mnd.i5»5.^..
FI0R IS aS  Géàer&l
'?og ltlQ n $  r  
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? 0 8 ltlo m 8  
&l8'0
: % ; p t W  m&ùhlïie l a
..%ra..* . l5:;4-ÿ' aàé, .#: w & l l  t l ^ t o s l a g  lo a d  agplled:», ' . A eeat.r& l 
.8 #^% o f  t&%@ %@am. p f  W  :lmof #às\ oW soa  8:0. th^t. the-' im lfo im  
bea& lag W H éa t M  t W  G eatra:! IS  la . ,  mas .pr(xl#8@& b y  a  la rg e . 
forç@, mt^ .^.a \ié :^ .r  &rmy aaâ th e  h e a à la g  .mowa.t: .iaâW ed l à
. Warn &â^ .: t o  - I t s  %:a a 3i^:l%W3i» - TMi# arrange^
jm at reâüç.edr a^ y 'O rror#  :1a le a d in g  th e  load:», w ed 'y  th e
d@.fl@etomet.@!r as' d e sé r lb e d  In  %ra@. 15^4: .^ was. f i t t e d  .In g^ositlGDj 
and a^  s m a ll  G boek'g o a d in g  e a r r le d  o a t  t e  m#:0: o erta lm  t h a t  I t  
was re.Qord.lng»
%e, s t r a in '  .gauges werO/ o.cmneGted t o ' t h e ,  .zm ltl^G hazm el
à t r a in  , ^ u g o  s e t ^  t o g e t h e r  w ith  th e  ap^aroÿrlate rd.mmy g an ges  
o b ta in e d  from  t h e  o o i# a n io n . beam:* 3hi.8: w e  ^iaGod. à é  q lo s .e  
a s  .po8:slb le  t o  th e  t o s t  boam» .
Ç^oneidorable tr o n b lo  wae .e%g@.ri0nQ:ed In  som e ^ r e llm lB a r y  
t e s t a  d u e  t o  fluGtuâ.tl:pn8: 1^ the: tem p era tu re  :6f t h e  la b o r s  t o r y  «
.% is  Gàuêod d lat% rbihg  .phenoii#na 8U0h. à3.g ,a i i  the. tem elom  .gauges
r e o o r d iiig  G0 mpre:8 8 l(mé.y.. o r  .TKlO'e«versa .- ighe t r o u b le  was
f i n a l l y  traoecl to. :,a 'sfizmed.^ e.team pipe: ruim lhg. n e a r  th e  mae.Mn@ 
.whioh formed., .a ....(^ bl0W'?^ 0ff^  f o r  th e  m ain h e a t in g  .system  o f  th e  
.W ild in g ^  .and whlo^ w ent from  -hot t o  oold, In  th e  spaGê o f  a 
q iia r te r  .of an hour:; .^ - ' The rem edy wa.o t o  lh à u là :te  th #  plpQ y t o  
e o i # l e t e l y  eover- tW  gauge#  w ith  -a. t h le k  o â r tr ld g e  p a p e r , and 
to: :shroud t h e  t e s t  :boam and th e   ^ beam c o m p le te ly  w ith
W a v y  e lo th S ' , .
. A f t e r  t w  s e t  had been  i e f t  t o  warm up on  th é  h e a t in g  
c e i l s  for" a t  l e a s t  a n  -Wur» th e  gauge p a ir # 'w o re  o a r e f u l l y  
^hal&noed and th e  t e a t  begm i.#. . The load#: were malmtaimed f  o r  
p e r io d # , o f  .to.. ten .'m lndt.ea dep en d in g  on th e  mWber o f  .gauges 
i n  opération ^ : and, .any r e l e a s e  o f  Id.ad due t o  .c reep ..iii the: 
eon érete .g  w ted^» ' ' .
^Observations:. .
The r e a d in g »  and: in c id e n t a l  reB u itS ' f o r  th e  .s e v e r a l  , t e a t s  
a r e  :g.l.Ven Ih  App@ndio.e.8: %3QC,11 t o  ..%<pan:l in G iu e iv e ,. The. 
grap h lG al .p r e se n ta t io z i o f' th e . r e a d ih g s  1@ g iv e n  i n  Graphe IS^S  
t o  16»8  iD G iûaivéo: - .. . .  ^ .
1 5  o5 ' a o m a T s  :0ï^  n m  ::imiviDi3'AL
1 5 .5 ,1  . Testa-
:.l:.». '& eii3 ;iih ary 'T ee..t3  .Eos.» 1  'md .:2, showed: t h a t  th e
....mazlE#a. G ;.c^ress.iv^ :mid t.e2%8.iio b e n d i^  .strél^aa w ere  
.p r o p o r tio n a i-  t o -the .load  to. o f  t h e  M l t ^  .s tr e n g th  ^  
(.8ee !lpaph8' 'lS,6!^ a^
8 , -, A lth ou gh  a l l  th e . gam ges .wore attao:hed  to. .oonorete  
# .h ffe r ln g  tho' .same, b en d in g  moment@ t h e  ;t?yo e x p r e s s i o n  
gange.a .gave d i f f e r e n t  l.oad'^.etraln. r a te a  from, one a n o th e r ,  
.as. a l s o  d id  th e  two to n d io n  gauges . The.se. d l f f e r e h o e s
may W attributed té: -
[a,):. Btr'aln. #rlatlén# du0:.t le.oal'aréa2:'éf-Gen@mt or 
&ggr:egat@. whléh h&ve ëlastlo:-pr^ ertiea,.
ih is  wa# B^Bt. prob om tW . oGi#r0é8:i<# surface 
which was uppermost on pa#ting, . %t had been coated 
-, , with a thin, cement grout., during manufacture to Improw 
the. surf&co,. which would .otherwlser have been very poor, 
as the Gonoréte. was .on the dry side and. It was very - 
difficult to tamp the final, layer sufflclehtly to 
bring ahy water to tW' aurf ac®.,.. . .
[b:.) V ariation .m .the strain; 8 .én sitlv ity  fa c to r  o f the 
' gaugea' from. W  1 ,6  . to. :2.:el, due to po.dr .stick in g , 
.could .mcccunt. fér . .aomç:' o f . the. dlfferenceB-,. but .I t  is  
not. cohclderéd to- be- th#: primary .0.a.us.@,;p;
(.Ç.) The: te h .e i%  g&u.ges. ma.y .be: .eiF^peoted .ta  .chow difference»  
to  '. t W  %# - o f  '..hair cr.a.cks. uhder t h e  gangw @.
3.,.. . . ..:The. ten s io n ' .gaugee showed h l . ^ e r  'B'traln» than e i t h e r
o f  . th e  co m p restlo h  g au ges»  .. - - . -
.4.» . ... .% n,Tect.:% .@ 3-greater p r é c i s io n  wab. bbtalnedr^ .
. s t r a in  meaetQpements:^ as: .may .be se e n  .frOm t h é  sm ooth .load»' 
s t r a i n  C'Urv.ec (8 e e  Graph 1 5 e 4 j  
6» .Eo C'WngG. l a  .d iscern a b le- i n  th e  lo a d  s t r a in ,  r a t e  due
t o  r e p e a te d  loadln-g .of .the gauge»: t o  o f  the. u lt im a te  
.stron gth ^ '
;^ SSO==>
. Gf th o /a d d lt lo iia l gauges UBcd fo r  Test'Eo @8, gauge .
EO'K on the- G o ^ ressio n  #M e .agreed w ith  the: readings o f  .
.. ..gauge I t  .I s  thG refore reasonable .
the rea(limg ...Of gaug@S %»:12 or  ^8 .of . thé
:ma%lmm GXpro$#lve. bonding, strain^ la  G^uge '
'  . .. :#.o..ll. .X  tW' sM e  reoordéd' vory iméh stralmE:
.. ( 'than el.then..:of .gauges Eos.», .3 ah^ mo .that. .to ..# 0  a
tenalon  g#USC' a s  g iv in g  a f a ir  reading I s  more d l f f l o u l t ,  
Eowe vcr ,: gaug.& Eo «5 gave .an 'u ltim ate'ten  o f
th ree  tim es that, ob ta ined  in  the sim ple tehs.l.Gn test,^  and 
gauge Ho,1 Ï  f iv e  .tlmea th a t g iven  In  th é  ton slon  t e s t*
Gauge Eo*4.,. .on the other hand., in d ioated  an 
é lé Q t r ié ^  strain: o f . .approximatoly 3.00. % 10"=^ ' ..Gémparod 
with. BO# x .lO^ '^ ' -.obtal^  ^ In  the'. to n s iW 'te a t,:  ah^ I s  
.thér@fbr&.#.r.of.erréd.^ Presumably.^ .gaugW...:Eos.« 3: and 11 
.wore .s itu a ted  .o..ver .hai.r=.GraGka which .gradually opened,.
.eaus in g  .the- déore&slng lo a d  «.s train . %%te .6btain.ed e:. The 
ratio , o f  the: 'ten sile- t.o. the: eog^reçaivé ]#ad«*strain r a t e . 
i n i t i a l l y  based "X the ..readings: o f  gauges. . I S ,
: i
y.,: G raphlSpé.ahow B: t h a t . a l l  t e n s io n .g a h g e c . in d ie s  te d . a
...reduet'ion. in  t h è  slép o- o f  t h e i r  load'^s.trairi c u r v e s  a»: ao.on 
as. th e  b.endlngym t o  w h ieh  th e  beam had
.pre.vio.ualy been. .loaded,.. waa .The; o o n e r e t e ,  in
tO n siO h , was t h e r e f o r e  b eh a v in g  mom p l a s t i o a l i y  than  befog
. At /about . of th e ultimate/strength^^^^ rate o f  
lùéreaSB o f the te n s ile  and ù.çmpréssive a tm  load ,
/inCreaaed, distiho^ ^^  ^ failure.. ocGum e^d . on the. ®e^  
through gaugc/ Ep:.*#, .and the adhesiTe midW th is  gauge 
hroko dWn o f th®' .ultim ate .load» - i t  may. therefcre I
.. W eonoluded .that a. crack. .àtart@d a.t.\ thia'^ï^ imder 
' gauge: Eo*4., .âncl spread <iid.okly thu'à càualhg.th e  fa ilu r e  of. : 
thèbeam ,'
9*. .The release: o f load  and iharease.' o f d ef lé o tlo n , due
to: -creep o f the: .c-qncrete,. boc.ame: hotloeable- above the: 
mazlzmm' load tO: which the- beam. had. previously Wen .àub«
-. 'Eear fa ilu r e , over a'period
o f  nearly, .three.. .mihut0.S', the relasm tlon .:of ' load: waa 1-^. and 
.. :.thé\lnéré'K#C:. in  dÆ  ' . '
15 a5 .@..S - . ... -- >-MtS?iii«iticttisl-.>frsfartMemwaa3aaia«aMngi:i<*
.1#». .. . .%@t' '.E%4 wa.9. carri.@.d: .out.
.3o.ad.ed a:omç\ . .time»: to . :appro#]m .tpiy.. #6^; d f  Its-" u l t l im t e .
. -mtrength#:. y...-//€h@: was: lo a d e d  i n  th e . m .v e r se  % re.O tlon .
f  r x  tho; ,gr@viOu# .lo  a o  th a .f  the.. G.on.Grete., w h ich  was.
a t  .t h e  b ottom  on  .mouM.1^ wa.S :on th o  .upper com p resc lve
..:,murfaeo-'ln .the tç.at.»
3h:8pectiOn, o f  #»aph '1B:»5 Ohow# t h a t  t b e  .à tr a ln e  w ere  
p r o p o r t io n a l, t o  the. .load: 'to 65^ o f  th e -u lt im a te *  The
çurvp# do n o t .p à s s  th rou gh  th c  o r l g i n  .du#. t é  
b a lan cin g : Of . t h e - W
The. fo u r  g&ugea in . o p e r a tio n  w e r é -8^^^ a t  v a r io u s
d ep th s oh: t h e  Warn, and an id e a  o f  t%@. B tr a lh  varia tion ^  
o v e r  th é  d ep th  can W  o h ta ln e à .fr o m  Graph 2 5 » 5 %t. w i l l  b@
s e e n  th a t , .gauge. Eo»B,. w h ich  wa@/ at, t h e  was .very
V c lo s e . t o  th é  n e u t r a l  o f  W ndihg*- . % é /p o s i t i o n  .of
t h la  a2çlé ':.ohtàihéd é ^ ^ r im o n t h l ly  a g r e e s  o%  t h a t
ça lon la t@ d  . ..ùh::the .aaa.xp.tl^on t h a t  p lan e. .Séotlona. rem ained
K «
p la n e ,,  and that, ;^=: i*B 9' { th e  v a lu e  o b ta in e d  in . o th e r
''' *6%
te s t# } » :  :#t@'-.re:ailng# of' gauges E.os/» 9 and B s u g g e s t  t h a t ,
...over the. .33dddlç p 'o r tlç n  o f  th e  d e p th  , ef'^%  th e
G 'X p resa lW  and t .e n s ilo . B tr a in a  w ore .p r o p o r t io n a l to  th e  
d ls .ta h é é  from  th e, n e u t r a l  'The. ' s t r a in  re.&cllng on
th e  lo w e r  s m f a o e  wa#,, h ow ever , M g h e r  than b y
. . t h ie p r o p o a l t io n o .  -
.11.» . . ;ln..T@'st/3@'.é:.#.5. t h e  beam wm# lo a d ed  In. th e  :opp.o8.ite
' .d lrêG tio n  f r o m t h a t  .%.T.e8:t, Eo @'4
-. Graph .15-6-6 .show# :t.hat t h e  S tr a in  .s.t .various- d e p th s  .on 
the: . heam , w&# : p rop ort'icm al t o \  lo a d  ^ u n til t h e  m azim m  
bendln-g. mo3!B0nt Whioh had pr@ vion.sly heon -m pplled,. was. .
. . éX.ç'eédédÿ th a t . - i # ,  a t  a p p ro x im a te ly  5.050 .lb:- in.*. .
Thé -p osition : o f  th é  n e u t r a i  -axia; wag o lo $ .e ly  f ix e d  b%
.. th e  .réà d in g é  .of t h e  e i-g h t gauges., hnd was .o.on..8tan't -at
Y I
WTdépth frùm  th e  to p  u n t i l  the. . ' l im it  o f  t
f i r s t  s t a g e  o f  the. te S 't  was reaehod, a t  506#  lb  *15* b en d in g  
moment .- Thev e x p é r im e n ta l p o s it io n :  Of .th i#  a x i s . ,  even  a t  
low  l o a d s ,  1 #  h ig h e r  than, t h a t  c a lc u la  t e d ,  ànd I s  p o s s ib ly  
due t o  tW . é f f e é t  /o f  th e  a lto r z m tin g .'s t r e a s ln g  on th e  
^  r a t i o % 8 t  b e fo r e  f a i lu r e , :  the: houtr'al' axi:# roe© t o  
/about #»:4 X th é  d e p th  o f  beam from  t h e  top. su r fa .o e .  The
r is e  'is:', o lo a r ly . shomi.. by th e  inGr'ea.slng r a te  o f  e.traln  
v a r ia tio n  w ith  .load.on gauge Eo:»8.,.. and. th é deo.r@as.e on 
.gauge Eo.»l5#.vi^oe Graph 15:»?.)
%é: r e s u lt#  obtained  do .not v e r ify  th e a#8m #tlon  o f  
plano: oo.otloùé. rem alnlhg pl&no. cm. .bondimg, as '.at loads, 
.b^ow. 6 ^ . :.of. th e  u ltim a t é ,  .the measured s tr a in  oh . th e
:and ...lower su r f  wa$ g rea ter  , than 1# req u lrt^  by  
th l# . hypo.th@.ala..:. # i.fo r tu n a to ly  how'é.ver, th e . e v id o w
UtKi o
1B..O. 'Thé m easured, t e n s i lé -  .é tr a ln  d a p a o ity  .of the- o -chorete
. . . .  was 93../-X 1.0"^^.,-tak in g , .a s t r a ih  # e h B i: t i 'v l ty .f .a o tw  o f  B.,.l 
-This, a g r o eé  ..oloae:ly w ith , t h é  'va'lhe.#" .ob ta ih ed  .in th e  s im p le  
. t .en a io n  t e a t  S' oh t h l a  . :oohoré.té;. : ( C h apter :13.)
:13..» \ , , .SamgG Eb»# .gave oohal.-stehtly ' lW -'mad^ u n t il .  75^
... b f/th o : h lt lm a .te ,'w h en  l t . b r okô a  :Gonoret@-
. ...éurfaoè.:»,... .'.In effl.o ien t é t l e k l n g  t.o. the- -ra th er  .poor 
... .'..éurfa.éo. was .no dohbt. /r0 .8ponslb lo  f  .ôr this..».
o çG ù rre i on th e  s e e t i o n  o f  and
the. h ig h  reading.'o f  th is , gauge i u s t  .W fo r e 'fa i lu r e , i s  
p r o W b ly  .dW' t o / l o c a l  y io M ln g . a t /th lM  s e c t io n  .p r io r  t o  
..fracture'»/ -
:.1B.». A m eaauf ë  Of the: .amoimt o f  c r e e p  ih  the: O oncrete under
,.. .1#: obta lm od f r x  t h é  r O lea eo  o f  .:.1.0ki ..and .In cr ea se  o f
.icflec:tion.g./which .occurred aft@.r the. . I n i t i a l  .ap p lication  
o f  the. ..ioad,.». Graph.. .1 5 .38 ')
. I t .  may. h e  seen  th a t  creep  became . hotlO eahle above the  
load' to  which, th e  beam had pre.vloW ly been .mzb ject^ d  *.
%st.: prlo .r to  "failure,, t h #  .load r e la x a tio n  amotmted to  0:^  
and the: lh'cfé.a..s:ed .d e fle c t  io a  to- 1 ^  over  a  o f  5
.m inute#» ' .. ' '- :'
15*5*5.. D
h ç  d e f le o t iiE n  0 %  .o b ta in e d ,\a r # . o.'Xaid0r@d . ..tc .b e  .a. 
fa ilu re ......... W h ilst.y th e  r e s u l t #  .ÿ lo t t é d  .gs^.âphic.al% .aré^  sm ooth .
içu rves,' 'the.: rnàgnitudé: o f  th e . d.efl@ ctl'% #:ia:' g r e a te r
than  th a t . .çal:éu.l4't(^/. f r ^  th e  e la a t lo .  fo z ^ la i:  a r e a so n a b le
.:.va.luç .for  %o%ù%&^ ;K:^ WU:lu#r» .Bor exam p le , :a .llW in g  f o r  e r r o r s  a t  
l o #  .lo a d s , .the. m ea.suam d.defioc f.o.r. .hoth: beams,: .arc o f  th e  
ordW ' o f  . 8.1X' tim e#  t h e  .évalué#* . \  l.e
a lm o s t  c o r ta in .ly  du e . t o  e x tr a  d e f l e c t l o h  'Obtaimed b y  th e  
ro.ta ti:on  o f '  th e  beam on  th e  ' h a l f  r o l l e r  ' ' S 'U p p o r t a T h e -
f o r  meaBurlmg. cL eflectl^ m s w ith  ^instruments:- s i t u a t e d  
.onrtW .'W W ,is-:% !8W ^A
15*5»4 .''T h o:#a léU % atiW ,of..M ^ iB ^
.BUrtM r È nfoaàtim ]:.. on the: béhévlom ?' of: -a ..pl&lm 
ooH cf é t é  beam -at - variou s, ' lo a d s ,.. cam b e  .obtained, b y  en d ea v o u r in g  
t o  b a la n c e  t.hé ..iù té-rn al f  .orcea in . .the beam»- ealculG'.tlmg. th e  
moment o f  ro.Bi8tan.G@,. :àBd ..equatlhg to' t h e  appll-W. b en d ln g  
moment» _ ' ' .
A t low. lo.ada i t  h as been  .ehown., in  b..oth th e  t ^ a i o n  and 
c'0]B^ro:38.1on . t e s - t a ,  th^  s t r e e s  .la p r o p o r t io n a l  W  ëtz'^in».' In  
Beam T e.st E:o».5, t:he  ^ ton#ll@':- 'strain#-, are.- ^smalier than th e  
Oomppeaaivo .s tr a in #  a t  âq.ual d ia ta n ç o #  th e  h e u t r a l  m xls  ^
'which ..i&: s l i g h t l y  .ab-o.W t h e  mld.<depth o f  the:be.àm ». The;, t e n s i l e  
modulu# m%a.t t h o r e fo r e  b e  g r e a te r  'than th é  é ^ p r e s ' s l w  
.mod.ulum'1%'^ t o  .ob ta in , a ./b a la n o é  o f  fo r o e s : ,  w h ich  agre.os' w ith  
.th é /A uthor ^ # t e s t # ,  bn t e n s io n  .ah.d 'Go$^r@s8i#% .spoolmon#» .On 
:.tho:./Other Wnd.,.. . i f /p ia z io  'S e c t io n s  .aro-.:a.8s.umsd t:o rosm ln .p la n e ,  
'and., t h é  n e u t r a l  axic:: I #  h^ .th é  t e n s io n  .modulus m ast bo
. l e s s  '.than: the- .Qmipz^sslon-modulus».. ..a^bhnsbn. (5 4 }  and
(B 5 ) h a w  foun.d E*. <  .in  beam t e s t s . , :  b u t  Prof.» 
.Mo.er8c'h ( 4 4 )  :ind:i.oated t h a t  may -s m ietlm ea b e  s l i ^ t l y  
- h l.gh er  than  Evans, agreed  a ls o . ,  th a t . v a r ie s  betw een
..-0.*:85- and  .,,i»l. .:Thç asatm iption :of .plan.e. é e c tlo h # . .rem alm lng  
.plane. Is: th e r e fo r e ' . in  some .do't^
..
. . On t h ç  E é v le r  v a r io u s  w r i t e r s  have su g g e s te d
f o z w  b f  s t r e s s  d l s t r l W t l #  a t  th e  U l t l w t é .  lomd., w h ich  e n a b le s  :
\  ' . I
c q u i l ib r i t m  ç .q h d ltlo n a  tO' h e  s a t i s f i e d , ,  aisd- à  valu® . fe r -  th e  
t ù - t i^ t e .  t o  %# .o b ta in ed »  ' Ev#3$, .(85) f o r  exam ple ^
h a s  GValuatM^ .tW  %$»^:... f  or- th e  ooncreta- o f  é  he.am assum ing a 
- s t r a l^ t -  H n é ,.  :&. .hyp#rb.ol#L, :& p arab o la .,, a  cu h ic . p a r a b o la  -a 
(luartor^ é l l p s é ,.. #%& a  f i f t h ,  .degree parabola , for: .th e  stres .s . 
d ls t r ib u t iw . . , .  in' e f f o r t  t o  'obtain a:.: fig u r o . '.Whisb a.grood. w ith
hi.8: .va lu e  i n  s im p lç  tons. Ion» Th# .only, r a t i ,o n a l  e q u a tio n  p u t
forw ard  .is . b y  'Turher and D avi##  (.55.), who sug& oat tha:t,: a s  th e  
ç o i# r e s@ lv o  s t r é s s e s '  are. low,: the- S:tre,'SS d i s t r ib u t io n  on th e  
oom presislon .s id e  Is. .linear.*.... In. t e n s io n ,.. th é  o u r #  w i l l  v a ry  
a s  f o r  - .a. s im p lo  t@n.siozi test...*... To w in t a l 'n  eq ù illb ii.u m .,. the. 
n e u tr a l, a x i s  w i l l .  r ise ., from. ..Its . o r lg ih a l .  p.o#iti(^^ Walng. an 
.eq u ation  o f  th e  .same foam .as t h e i r  t e n s i l e  t o $ t  'é u r v è e ,.  th e  
r a t l é  .o f  .thë:...%T9:8.»: c a l c u l â t  t o  t h a t  .'obtained b y
th ls .  -theo::^., wa#:.
: A . l in e a r  /etres# ' d l.s tr lb u t l.o n  g l.ve#  r e s h l t s . whloh.^: a c c o r d in g  
.to  Moersoh('M}: are: t  th o s e  bbtain'ed In  e lm p le  t e n s io n  ,
ao'cord lng tb: #)Dnerman and. 'ghuman .(51) v a r y  betw een  1*5  and 1»8  
and a o c o r d in g  t o  Evans (.05): v a ry  betw een  l,e3  and ..l.^ .G- The 
A uthor Oxp.eriment#: g iv e  le 'é  t o  :i.$5
'It.a p p ea rs: .the.z^fO:re: th a t.,. M . t i l  i t  h a s  b een  'e s ta b lis h e d  
v e r y  m ich  more. e o n o ln # lv e ly  -th a t p lm ie  .se o tlo n a  do rem ain p la n e  
:n n t ll  f r a e t n r e . ,  an o m p ir lea i. ,0f .abont: %.»4. should , b e  n8.ed
«057=.
tensiG h ' t e s t  to  beam t o s t  r e s u lt s  ».
. The. .Author ^ 8: experim ents, in  -Beam Te#t' throw
Çohsldçr&blo doubt , om' tho- acsm ^itlon th a t  .plane, aootion^^ rmmln  
plan.e,:. egp aq lK lly  é t  W-gh .loads where th e  ''nohtral .axis el.@arly 
rise..#:».. i.t.Wo.uldb@; a  very  valuable-.Gom.trlW ti .this: 
ftmdamental .poln.t eo.uld . W. .es ta h lish o d  by'U0lhg:,the new 
@.le.ùtrïoal .s.traia gaugoa, wMoh p.rovldo an opportim lty  fo r  
stra in , moaBurom@ht. mot p rev io u sly  .avaliabl@o
.5 *6 o m a m a im B  m  . BBA3Æ TE8T3
Eope&.ted, .load-lmg, some.: o ig h t. t im o a , remderm: s t r a in  
p r o p o r tlo m à l .to  ^ %  lo a d  at. iovory . la y e r  :1m the.
.of t h e  beam. .tB atil .the lo a d  oxéeéd.8 th é  zaaxisam t o  w h ich  I 
I t  h as p r e v io u s ly  been, auhject.ei.»/.. :: .^ has. .been
e a ta h l lç h é d  f  or- lo a d #  .o f  6.6^ o f  tW:' U ltW a te »  - The .m.eutral 
a%l.'8i .th e r e fo r e  r02m:im#.-lm i.a' .f ix e d  p O B 'itim  .dùrlmg t h l s  
s.tàge ., .and; ..it.:'was found, t o  W  -a d l e t ^ o o  :of ..0.@47'.%' de.pth  
.:.o.f the:..beam from  :th^  ^ O:.ompro.asl% su rfa o ev : .'
A t  :ïoad s ahovo th é '  inaxisimm .to w h ich  th e' he.am ha#
..p fe v lo u a iy  beem.:' su hjeoted :., the: .neutral: ax is: r ises@  B or  
ithe. bham te'Stedg/ th e  .posltl.0^^ :of the:,m e.utral .a x is  j u s t  
b e f o r e  fr a c tu r e ,.:  was: .gbout'Oo4. x  d ep th  of. .the beam from  
th é  oompr@s.slGm s u r fa c e  *. The r l .s e  o f  t h e  'axis, agree .s -
.w ith  th e  t.heory  p u t .by Thrm er-uni. .Davi^  ^ (5 6 )  and
a: «i
It. Is  eqnsldmred t o  "be .extremely d oub tfu l whetkmr 
plane m ootlw s: do. remain p lane on bonding.*' The a tra ln . 
distrib u .tl:on  -at lo a d s we 11 be..l.W the, ultim ate- wa..#. f  o.und 
t o  be- ocm to. the neutral: a x is  on the- Oompreaeion and- 
ten8.1:(m. ald.#a .of th e  .hoam» . At lo&da. hear, the u ltim a te , 
th e  d is tr ib u t io n  .wag oonoave to  th e /n e u tr a l a%i.s <m th e - . 
O.o]#r0 8 8 io n  .8.1d.e,. amd eomvex to  the. .axis .on th e  ten s io n  
sido.», 'Tbla .d.ioa^^ c o m p le te ly ., w ith  Ev&ng. (23.} and
..At .th é  prca.ont tim e there appear.a t.O: b.# mo method, o f  
.ohtain lhg the.,.ultlimte.: to  .atrongth o f  eoh'crete from
the- r ç a u lt  o f  a  f le x u r a l  teet» . . Vhrlatl.dù, :ln th e  ra tio ' 
.between, the. .mod:Ulh# o f  ...rupture, and the' t e n a i le  çtrçm.gth. Is . 
thms.. ln .ovit& lo.?. .An . em p.irical value- .of :1»4 I s  augges ted  
th e s e  -.8Xpe.riment.s».. . - - .
.The t é h e l ie  'Strain e.apao.ity -of the oohcrete la  the. 
same- In hendihg te s té , a# in. the- e i î# lé .  .ten.elon t e s t e ,  . 
viA',:-»' 90 .x . lp'^^ . f o r  the conGret.e. ..hS:ed..@i . .This: is' In- agree»  
msnt. w ith  Evans-,
::6.:@. .0^0.0^-éÇ .# ie . ':Gidnor0'te. b.@c.omea li#^
ahovO': th à t  .to whi.ch th e  beam has; pre:vi:ously .been .Bub,jected*
■ ' ^$59^
JW't' p r io r  W  a rod^otlëëK. o f  io a d  o f  a p p ro x im a te ly
w i l l  git@ . s t a b le  c o n d it io n #  o v e r  :5 m ins e
A,a W th. f r a o t w e #  odettrred awa,y f  rom: tW  a e iitr e  o f  th.@ 
.Wsm,ÿ aM  A aO  :away from  th e  ..leading, p o in ts , g th e  h en d in g  
moment ±s: G:Dn0.idered t^o;^^^W  ^ m ilfo r m ..bvor th e  . c e n t r a l  . .
A r tiq & a ted . h a l f  :« r o ll0 r  B i% ort8: wo%ld b e an Improvec:
- mbht .pn tko@0% tgsod^. p rov id l^ ig  t h a t  W  ond o o n o tr a ln t  w&.8 
o f fe r o d  t o  th é  b.@ndlmg»i. . -SW.-. '.imth'od o f  . m ea .sw ln g  th e  lo a d  
' q u i t #  B a t i s f  a r t e r y  ànd the. rn h h er pad8 \&.8ais%.@d In
. . % yoldihg. eG.oentr.lo. loading.»- . . /,. .. . ..
:.8o: %®. 'e.l.e.o.trioal str&ln:ga% go. :#v08- .a mo
oeh a ltlve ..m e:th od  . Of m eaBprlng tho- :a tra ln  d l .o tr lW t lo n  -on 
. Gonoro.to. beams haa W o n  -a y a l la b le  ln^^^  ^ paatp  and
. . honeo .the; .d loa,gr0 eimn.t. w ith  the; fihd.im:g8'. -of e a r l i e r
:-ézp@r3ment@ré:- !&' n o t  .®:orpriaing6..
E ' A î î B R  :3.a:
s m  n m sïM m : M iM m sm  M D : m m s m
3 .6 a  m m 'o m o T # ir
%#-.W8Ghdbi.e. w deaignod %% 1945. by th e  author  
&nd W  o a r r y  p%t rG aearoh.ion th e  a tr a n g th
:of 'Oànérèté: :tmd0r -varions- o:oz#Mat'lohs of' bez^ ihg and. toralBh&l 
lo a d in g ,» , .far-,ào:. w as Imowh th ere , was h e  p w l l s h e d  work -on 
th is :  topié-ÿ. :ahd- tW  p r in O ip lp  -of /opez^ tlen  .o f  îm d h in ëe  w h leh  
had W en hsecl: .% the p a s t  for^ t e s t ih g  metais: tm der t h is  tyW  
Ipadlng.g. 'às- f o r  .éx8mpl.êÿ, 'the Goker 'K ohlhe: w on ld  have; W en
ezp e n s lv #  I f  he.ed :f .or^  t e é t lh g  m&oh'ih# W ltab ié: f  or la rg e
.eOnprete spe.o.lmenà..» / #%b8%nohtly^ work la . 8t..opkho3m by  
^lylandor : ( 4 0  ' Oh:. tW ' .^% brslW  .and Tors^ ^^  Eemtr&lht .of 
Coho.rete.: .8trn0t%e^a^^ pnbllW hed .In^  BeptezA org 1945 and 
dbB oribed tezperim ohW  pn th e  .e f f e o t ^ o f  o;b#^lne.d and
to r s io n , .bh :relnfbWed-'=GonGret^^ redtangalar^  'am# :têe==s.@etlomg;.*:
%@ ' tea.tlhg. a-rrarn^  are shown Im. F ig» iSi-'&lg. and a.ppe&r to
be more aztravagamt^^.% é,ompliç.atéd than th e  maGhlhe deslgmed 
by th e  author»- #  deBerlbtlom  o f  whloh I s  given  below .*: ,
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Roller Bearing 
Dial Gauges for Deflech'on M easurem ent6x6 Timber Beams
5 0  Kg. Counier-iueighl for 
arm of lever
C oncrete Counter-weight
Bending Load
'T orsional Load
T elescopes and Scales
TESTING Arrangements for Combined Bending and Torsion Tests
BY
A.H.NYLANDtl< piG. No. 16'
16*2 . .
. ,n%ie - o i^ lg in a l s p e c i f l o a t i o n a  w ere d ie t a t e d  by th e  
f0llewlqg\G pi3aid@ ]m .%
( I )  %t had beeh: d e a id e d  to  t e s t -  s.Deoimsha. 'ë f e l r o h i a r  eroG s-  
. s e e t io h :  I h  tk ^  ih 'sta n o e  .asg nméer t é r a lo n a l  lo a d in g ,.
:th l#  Ghape: moRit coniyeniGnt iBorv t h e è r e t i e a l  c o n s ld e r a tls s
( 8 )  . ' A( e d i t a b l e  wooden m ohid wàé ,aiFàll&b%e: f  o r  p r o d n e in g
.@p@ol3#ne ha^^lhg .prlsm atlo-. .endO' b f  8. I n c h  ,g':q%are croE^.»
whlo^ ismooth tr a n s lt io m y  g é w  way t o  a ^0
. ., In ch  c y llm d r lG a l 8 .0 :ct.lon o f  .inqW ^ diam eter*: (Bee
F ig *  l'y
{.5j . . I t  w as estlm & ted  th a t . tO: fr a o th r e  a pl&im e o n o r e te  ape.elmen 
o f  th e a e  Æimïi8,l.on8.g. w ould  r e q u ir e  .à torq u e  o f  40  ^ 00.0 lb  * in  
%e:. m achine,., th e r e fo r e ,. ,  must: .In oorp oz^ te a meana, o f  
m e.aeizrlng thlB.' t o r ^  .a q o u ra te ly  .&ei .p o ss ib le * .
.(4). '.%. # ia 't  b e  e a é i ï y  a d a p ta b le  to . t a W  ,
epoolm en of; th ç / dimçnml^ mbo^ e^ a n d ,
ow ing. ;tO. .:ilmlt@d OG0Osaiodatl.on,/.i^ :had to . be.; o O lla p a lb le  o 
A oeO rd iog% f." ^  .o a r e fu l. e o n a ld e r a t lo n ,'  t h e  .p r in c ip le  o f  
,O péràtléh . o f  .the;- m % . c h l m 0 ^ e h o i m .i,m .Fig*' w&e. d e e id e d
mpoh:*, . -It' w il l:  'be: ,n b ted . t W t .  this;, arrangem ent e n a b le #  a pu re  
.torguo and a, ,pur@ ;bon.din moment t o  b e  a p p lie d  ..8.iE  ^ t o
th@' Without..midea^^ foroo.,*. A le o  t h e  w e ig h t
o f  t.he speeim em  I t s e l f  do.eh hot. induee.: a d d l t lo n a i  bending.
Turn buckle
Proving Ring 
For lending  Loads
^  Load Hanger 
For Bending Loads
I PoundaHon Bolhs
-T u r n b u c k li
3  X Z.H. X B.5.Angle S|>ecimen 7 h . dia. 
6  5^. ends. /
- — rro v in g  K ing 
For T o rs io n  L o a d s
T h e  A u t h o r 's  M a c h in e
F0«
C o m b in e d  B e n p in c  a n d  T o r s io n
Fic. No. 162
. . . . . .
t W  ' . %  t h a  a t .  © a o h  @ % i  '
# f  t h @  : 7 ; %  l e i i g t h e i  o f  %  I n e k  b o r o  g a &  p i p i n g
. w e r e  . e a e t  : i a ^ . e i t U 4 , v  '  ' , % r o a # i  . t h i s ;  ' . §  w e r e
;iha@ z$:# f # r  tW . r i g i d W e n t :  o f  -
..Gpmim23::p:. ' ; .
/. . 'r o lle d  :#o.@ l.. so d tiq r s ;  were' '.0.3Ckr0m@ly.:' .d if  f  ie-u it: t o  
'O btair , $ t . the: t im e  .owin-g. to. tho.: iim edia.to:' :d ir f lo a lt l@ 8  «
E'OW@ Yer g.,' t;hii&.' .pr.ohlom -was .;0.verc:Gm@ hy  ^ .pti:POh&'sln:g: ;a %orrl:8om 
'S a h le  3yp:e A ir  Eald^ w h leh  p ro v id ed  a l l  t h e  e te O l
- . s e o t i o m m r o q a l r o d * : . :  :.
' . - . ■ . ■  ^ .
% o. f.0otlhg.; oon8.i8 ted  o f  X
' # e o t . i % 8 . .  .2 ^ ^ ^  % o s ï g . i ^ . l c h ÿ  b y  m 0 & n $ : - o f  g r i p p e d  W o :
;a id ee  Of the: .apeoimoh and .could .% firznly'fisE.ei':- W  f l o o r  by
. fo u r . 1'^ ' h o lts :  a c r o w ^  in 'to . E aw lplug .fom3d&ti.Oh«'..aor^  ^ /.eiocke-t^ b
' ' S P h o : a p o ç i m o n . : W & a ^ : W l d / . ^ i n . . ' t W ; . o t h e r  : d ir w
,!^hea.o w ore a t ta c h e d  to:. . thc: .cpeoimen. h y  :h .olta.\throu th e  gaaa  
piping'.^ -and-: t o  th@! f  :oo.ting» .by :'Wo .bolta:»,. .. :Tb'..provide, an  anchor
f . o r \  . d : o m i w & r d  w r t i W l :  . l o a d i n g . ^ .  W o  . 5 ^ ' : . . x .  . l o n g .
% e , W^ wore o f  5^ x  x a n g le  s e c t io n
..# f t  long..*. ' ''% ow .grlpp@  ^ the. to p  .ç f  .th e  '$p'0 c.:&on .by moans o f  
oleàW :ÿ: .'ih. the '^â.&mc.: h#n5.e %% .used a t . ' t h e  f o o t in g *  . %wo
-g&a p ip # . ap& Gérâm ro fo r o e d  .beW een th e  W o arms, a t  p o in t s  an 
e q u a l .dia^tanoo o#  :@aqh :aide: o f  th e  .apèclmen\ÿ/ .and 65- ^Wohea- 
.apar.t:#r. $ o  .ob ta in  .to r a lo n a l a n d /o r  bending: .\aoti:ons'.ÿ t h e  lo a d s  
w.@rç:. à p p ile d  .hoi:l:s.mitSLliy :and .V 0rtlôa .l% . re.8p b @ tlvçly  t o  th e  
lo a d in g  .arW '-through th@-::ga^
& e  io h d a  %ro^ b y  u s in g  a  turhbuck^ oon n eeted  In
e.erlea: w ith  a  provln.g, r in g: and. a. r l.g id . aWport^^ by;:'§ In'o'
;@te@i l'oda!:... . %@/ tù rn b n o k l#  wa# novel: d es.ig n  .o o n s ls t ln g  o f  
-&: th r u st. bàll=^bearing^. w elded  in to :  o n #  end o f  a  i n ,  le n g th ' o f  ' 
ga#:' plpOÿ.- and à., fIn.®- p lto h e d  .aorowod rod w ork ing  .In a n u t a t  
t h e  'o'thorv T h is  g a w  &\ v e r y  sm ooth à p p ll0 :a t icm .# f  load *
%r@e: p ro v in g , r in g s' :of .0.*Dv % 6'§-^  % »D* 'X t h i c k  .m ild  
s te .e l^  were- apeoiàlly'ZEm âe In: the. G o llo g o  workehopa f o r  th e  
pur.DOS'.e:* 2 h ey  w ere  fbund. tO: have .a.lmost e q u a l  ..Idziear l.oad'»  ^
/d é fl'eo tl.d n /.o h a r a 'ç ter ià tld s . '.of in c h
-d ia m e tr a l ch an gée  bvor'-d) Ibad  rang#- o f  0 to/'êOO .lb« (Their 
'Safd o a p .a e ity  1 #  -àbout, I G A  lb.*^ ^^  % rthér:dët'a:il^  to  bë
..'foim&.:in th e  éOB^anioh thçsi#:^^^  ^ Wheh-lbendihg: a  t o r s i o n a l
.:lù.àd. w as r e q u ir e d  ...8i#iltanéou8% ^ d ea d  s.uapénded
- On a  hanger'fbrt'W ::''downward , load^^
-hb ris^ on ta l .load in g . .%.s .:pr.o.vid.ed by. .two.'cW.ai :^:  ^ s u i t a b ly
^ p o e it i  P la t #  19... 1).,*, . '&e'::#^ard.7 b y
'a # m v éh i@ n t r o l l e d -#t'e'0l'3b.ib.t..#'vêrhe::ad,'0^^^^^
1 6 ,4  . .
. r e q u ir e d  f o u r ' o p e r a t o - 3 m
t h #  -:apprépria-t#' d ia l).;# :^  r e a d in g s ' w  r in g s.»
% #  n #p z# l. ..o p e r a tio n a l .pr^  ^ .to . .apply t h e  am & ller
a c .t lW  f l r s t f ;  and .them m & in tà ih in g  th ie: aohat& ntg th e  'Other 
aetl:(m  Wa#; g rà â u .a lly  Ihore.aBmd i m t l .1  .fa llh r#:»  :- - %  a v o id  d i r e e t  
fore#@: oh. th e  -spoelmohj,; th #  loâ& a of' a  pair-.mû#tr-^3.wa^^ W  k e p t  
e q u a l*  nW-s Was; a-ohi@ved b y  im ib a .l O:ontaotXh@ th e  two
oporatoro.' oom oeinedy' and ' I t  was- an. ëa's.y :'to k eep  th e
r e a d in g s  on t h e  two d i a l  .gauges eq u a l, to; w ith in  .a h a l f  o f  one 
d iv isi.on .g . .l.*:0 :.»:tO'W.ithin B ; lh  .. .' .
.With 'the o%l.at.lngpro'vlng.-rin^^^^ th o  .ompaG.lty o f  th e  
m achine l-m -6 $.^pop.lh:*lno. bonding, o r  t w i s t in g  moment,  a lth o u g h  
a #  f a r  a #  th e  .ateçl<^woik la :  GonG:ernod.f. .th im . eW ld: b e  e;Onaldera!%' 
.in.GrGaàed..*.. % #  à c c u r a ç y  o f 'm@.a8 urem0 n.t: W a.à .^ /lM  
16*5 .. .. -Bsc£ES.*a6as«gWfBg>tfnrgrfa<ag»fftam.<«rtt{*i^ttiS3ÆUir
%#' app.aratuB was. ua#l.:S ùG ##à30t'llÿ  a la r g e
.number, .o f strength':, tea t,a . e a r r i e l  o u t  b y
.,. I t  w as feunii'.'d.## t o  .r e ih fo r q o /t^ r M ^  lower-
ohange.a-- o f  :8..eotloh-4of. th e  .speolmon: a.g&:inktr bend&^  ^ f  a llu r e .»
;& ia  warn .don# b y  u a in g  two- s t r a i g h t  #...:in#h. 'longtw^ of. a t o e l  
rod: .:plaoM..g/. :One:'.on: .:.th@: o:omp,rW.ai.-(m:. and: .;bh#:;./%n: t a n s lo n  s id e
.of ', the:- :8 p#G.im@nÿ7''\ahd:- .each
-# ld e  o f  t h e  .ch a n w  -of -8 .e .c t l%
. r e s u l t s  o f  
W asurm iem té made on @ 
th e  f o l lo w in g  o h a p te r s
and m eG hanical e t# i lù '
In  th is ?  m achine .are . g iv e n  l a
E A. 3  T E. E. .17
1 7 . 1 ,  .
E%o:ept :ln th e  ###..8 .qf ' relmf.orô:6d<*wnor@t@ s o r e w « . 
p i l e s : eonGretO' is: r e r e l y  d e l ib e r a t e l y  .put .i n t o . , t o r s i  
Eéwe.ver g lo m g itu d iW ily  .r e in fo r c e d  e q ù q r e t# . be az*#- o f t@m 
. .a c c e n tr iG a lly  lo a d e ip /à s  &. r e s t i l t  b f\w h i0 h  ;tW y .àr.e:^ ^^ i^  to r s io n *  
The im ow ledge o f  th o  t o r s lo h a l  s t l f f h e s s  o f  '.euch .a. s o o t lô n  I s  
.th erefore , v a lu a b le ,.. îDhe .d e s ig n  f .actor  o f  - th e  oom eretey  w h ich
.e i^ b ië 's  t t i ' s  :t:ç hé. ea iou lated .^ . i s  t h e  ^^hemr .Mtxiulus: :of' 
E la s .t ie . i t y  sndg: #.# t ^ .  étreéS:: .ami str^&ih d is itr ib u tib n - .in a  
.r ee ta m g u la r  me.etiW . in: .ten s io n  i s  eb m p lie ,a t# i b y  /p la n e  Beetlenig: 
'.mot. .'remaih:img i s  b#gt: deterWlhed::'^ to r .8 io n  t e s t
:pB a...éiréù^
.During th e  .to r a ib n  o f  s.uGh ..a: s.è.çtibàj^. .tW 'sh e a r  s t r e s s e s ,  
.in d u eë t e n ê l l o  ank 'e'ompres.eivé s t r e s s é s :  on :pÏ8hé.8' .at:.4.5 d e g r e e s  
.t e  the' .a x le  .û f tw le t» . . G:one'r.et.e .^ howe:v@r»... .Ms.: ..a- ;%bwer s.trem gth  
.in  t.emSi.éà...tha:m.: :im. s  ..so t h a t  #: te n s ib a : f a i l u r e  o e e u r s  on a 
$5^ h.eliZd.: From a. .3a%owl@d.ge :of t h e  u lt im a te , torquey. i t  sh o u ld
p o s s i lù #  t #  :ev a lu a té  th e  U lt im a te  t e n s i l e :  B tren g th  
.:of th e , eoBGréte.i». : oW ervatlion  .bn t h i s  .to p la  i s  .^ vezi in  -
ï th e  ç ô s^ m lô h  the8i:a:..{%'}» In  th e - te a t 's .  
s p e 'e la l  re feren a .e . i #  made tO; th e  v a r io u s  mé^ o f  c a r r y in g  
o u t - t b r s le n  te o 't#  and oi! m0 asm ing...t-he .ahe.ar .é tr a ln s  » E.ow 
m othoda h ave been  u sed  im t e s t s  o à r r led ' oû^ ^^  ^ b y  t h e  au th or*
17*2 .. , m a T m m a :,. TEam. '
. . . The prbhlem  o f  c a lo h lh t lh g  t h é  u lt im a te -  t'o ra lo m a l 
s t r e n g t h  o f  a. p la lm . o r  rolnforG,ed<*oohGr@t0 , .s e o t io #  from -a. 
kmowledgo o f  t h e  u l t im a te  t o n s l l e  e tr e D g th  .of conorotog.. has r 
'ehgagod t h e  at.t@iitl.on. o f  mimeroua ezp er im o h tera  ' alne.e th e  work  
'Of ;Prof ..*.. B..* Moér8.çh.(45) { S t u t t g a r t  19P 3) and lO. d e a l t  w ith  In  
.the eompan.loh th08i..@.
. , The .to r s io n a l, . s t i f f n e s s  o f  th e  .s.eo.tl.qhe has been- o b ta in ed  
b y  m oat o f  . th e se . @%;perlmanters. b y  .a n g le  .of W la t
.over :& gi.ven:. len.gth:t: ., Esipeiimont:# b y  .To: ,Miyamoto.(4:2) (T ok io  
19^ 6) jK:.. 1 , 0 , 8 , :Emd VÆ*, ,-Da:vlçm .(56';) '(londoh 1926.=28j g 
'?.&%! A nderson 4l:)' ::(^0u*A» 1955)^  %S'S.ell:(5'p:),^.W,»Tw. M a rsh a ll
T.and. .EoE* . Temb.e . .(.591 .1940.-) .are amohgOt: 'th# ..mo8.t in terea 'Ù m
on -.this:, .t
EKoer^iment#. by. T^zenâaUke 'Miyamoto.■'•“*-■ . . . .    -. .- -.&a^M=WkZ3RB5ù».......
.An. e z h & u stiv e  a e r i e s  .o f to r s i.o n  teetB ' were: c a r r ie d  o u t  In  
t h e  ..Japanese . Home Dep.t.* I^abOrat,orieég T ok io  }1986. .^. on s i^ f e e n
.'plain, and . 8 e v e n ty « e ig h 't  .r e ih f  oreed«oonGrê.tç: .o ireu ia .r ' s e o t i
T h ese-w ere  o f  1*5:. m ètr es  W  ie n g th y  and SG'éma* d la zse ter
o v e r  the: ems » . c é h t r a l  portion^', and bad /e n la r g e d . prism atlG:
en d B  40' % 4'OX }^ ^^  ^ Th :^ '^<)rtland ..Oèmeht: :ÇW
1  i  -2: 3 :4 havdng %. wàter««Glry a g g r e g a te d  r a t i o  o f  9^^ and 
&: el.&e o f  .a g g r e g a te  .o f in ch * . - The/'dpeelmens.^ w ere
d@3p=èûr.W . and: .tw .ted  a t .
Purlm g t.hç:: to s .ta y  w h ioh  w ere. G érriéd  out: i n  a  e o n v en tlcm a l  
ty p e  o f  horiz .on W l. tO rd io n  .amohlme^ t w l e t  was
.observed o v e r  the,- o e n t r a i  :.6.0 oms » u a in g , ZGlrrOra^. te i.eB o o p ee  
.and #.0 a l e 8 :». . .Efom th e  mln0 ty c ,fo u r  speelmena: tee ted g . .many o f  
w h ioh  had\ .s p ir a l  or  hooped r#ih foro#m on ty . I t . was êonG ludod  
.th a t  3«' . . . . .
(.a): The fa i lu r e :  o f  p l a i n  and r e in fo r e e d  G ectio n s fo llo w ed ^  
w ith o u t  eXGeptloh#' 45  d e g r e e  he&çeé..6;Y:... .' ,.:'..v;
:,(b.). The. shear .modulus .of .e la s t lo l t y  d.eGreheed:: .ah s t r e s s  
in .t.en.slty indr^ and waç; i n i t i a l l y  li,24  x IG ^lb/in^
(e )  . .Relnf oro:6mçht'ÿv irreapéqtlv^^ .of th e  l i t t l e
< .Influenoé. on the- .:stlffn.0 .8 8 : of. a. w ith
th a t  o f  :&
Expérimenta:/ b y . TU3mé.r.. and D avies
.A a e r ie e  o f  t e s t a  w.ere c a r ^  .
.:B olytecM i0 ,ÿ/,lm  i #  on e ig h t  square. Wo reotanguM?
and two tee'^Ghaped. p la in ' -^nd re in f.0 ro e i« 9 o én o re te  s e o t lo n s . o f  
1  3 f  . .;3, 4  mW u s in g  ..crushed gr&.vel graded  & In c h  downwards^,
R apid The .speùi'méns w ere
wàt#r=:Guréd and t e s t e d  wet' a t . 55 daye.*- The. sq uare 8,ecti.en8- wæ e  
4 . f t* .  6ver.a:H iéâ.g.th w ith  .a. $  x  5  .inch working, s e c t io n »  A 
sta n d a rd  horlsqnt.& l./^ieen^.-W  .ib.QÎm.* e a p a o ity . t o r s io n  m aehine  
/wae- u sed  w ith  ape.Gla% end a.ttaohmentB ,:. ' The: a n g le  .of tw is t , was 
m0 .as.Ur.ed -over ..&. 5 0 . .ineh  le n g t h  b y  n.otln.g the: r e ia t iv e :  movement 
(Of tw.o ,:prd..je0tih.g .&a& whi.Gh. were' a t ta c h e d  .' t o  .the epeolm en b y  
.eiampa»:. . .The, .movement, .bf ..the .arms was m eaeùred . by  u s in g  th e  
êye=pié.ee.r^cale.^ à  .miGrosaope. a t t a o h e i  W  (m e,.of th e  clam ps*  
.Torque#.trs$iet .e w v e e  f o r  p l^  and relnfo.reed=m.ec.:.ti.0n# a r e
.ih. #ràph i?7^ ^^ ^^  thee®  i t  may .be. eone%ude(
. t h # .  :f=
.(.a) , W, f l r ç t  l.M.d:ing .^'É;o.oke.:.(^8 .I^  h o ld #  t o  ah.eut 5.#^ o f  the. 
u it im a t e  I'Oad':*
.:(bj The o f  f e e  t  .of i^ in fo r é e m e n t  d o e s  h o t  g r e a t ly  a f f e e t  th e  
0 : t lffn e .8 a  .of t h e  ço2#%red: w ith  t h a t  o f  a  .p la in
se c t io n * '
E e it^ d ln g  gives:- c la stlG '. ç o n d itlO n ù  tm ti^  th e  maxlmam loac  
.p r e v lo u a ly  a p p l i e d , l a -  re.aGhed:*:
:(d). .The v a lu e  o f  .th e  ,Shear Mod *.0.9 w a,8:..l*^5 i% 1.0^1b/ln^
. . . .  0’g iv in g  a r ^ t lo  . e  #^594 * w here E l s= % W s^.8 .Modulus
I n  te n s io n *
.252.
BspB2?iîaeBtss î?aa3.. t e â e ïs e n .
» rTr-rTril^^»->»-’^ g-*'«=---e--~»*»--' -^>*~TrTfTrT*-;w "ÿirrff‘T r-iiaili'rHTi|-r-> Tiinrn-in.n-rrH T-i-nrr-;Ti-i-niiTTTn-rm“rrni-r—r r
. ; W e r e but  :0ù. six ; p la in -  and f  orty^ tw o
r ç in fè r c é d /  e w q r ë t e  s é c t l ç h #  izi, 1955:,.; Thèi'/fosmçr/ w o f
.IncW #' ï o n g t h f  . w l:th  -.a c.entra'I s e q t lo h  14: InchoB- lo n g
o f  'B .inohe.é .di^  ^ The onâs'W ere o f  1#  Inqh uquarç: s o o t io n
/end woro l i g h t l y  r o ln fo r o o d  t o  .provont fé l lu r o .*  Thé' Portl&md 
Goment:- .conOr.ote wao maG:hlné:«=ial%éd.p. -and g r a v e l  ^gradod ^  t o  1  In éb  
Wa# .usod.*/ Speçim on# were- molet'^Gùred f o r  S8- .dayo b .efore. 
t e a t ln g : .  . A à tan d ard  typo: of- h o r iz o n t a l  t .o r ç lW  t o o t in g  |
.màchine. :0f :850, ;^#0.0. .lb,&-in $' .cspaol.ty  wàu-'ùsed';*- .:'^. |
a n g u la r  - d l à t o r t io n  was- meà.àuréd..'by,:;ho thç: d e f  lo o # m  | 
betw.een Wor fr%eà'/.::16.- .Inoho.a 'apà3?ta  ^ -of -an a t ta c k e d  |
o o M o o t in g  .bar .àhd'':oc:r@w mlçroiimtor*', .Tk#;priwipa^^ .stra .ln #
-W@r@: a loo - m easured , w itk  2 ,in o k  B erry  .gtrain . .g^ugos and e x te n so ^  
BOter#:.»::. .B te o i .plugo- fO r t k e  'oxtèn8om@.t.op%,v^  ^ h o le s
f o r  th e  B o rry  made.- :in th e  apeoim en#*, . Tko .^ u ges.
;Wé3?o,. plaG:ed. ;in  tkOy dogroo. d ir e c t io n #  .ok./^ o f  tk®
equare- r e in fo r o e d  seQtiok.8,ÿ,: and two. .;@%ten#om&te'r on the-, fo u r tk
Tke,r0levah.t.::-p:#h'Gln^^^
Thé- to rq n # '-tw ist , oùrvça  f o r  .p la in ;-spepimens./. w 
aub .8tànti.a ily .iln6arv^^ .- . /  . . .
.255^
c f  . 8h8.&,r - w a $  fernid t:o In er ea sa
w tth  t W  o:#03?0SslV0 s t r W g th  .and t e n s i l e
Cf'o$#r0SËi% I W ltlm&te 
G sriinâer
s t r e n g t h
M0d%lM8
S tr e n g ta
S v l4 . X .10^
s m o
TABŒ. .I'reD ertles e f  % w .:rete
:.(e} .A/:9.O^41fferénoe.:(^aâ:\0beer:vea..b.e:t^^^
' - , ■,.  ^ . ' j " '" ./. : ■ .  ^ '
; .m.tz^ases: .^aderson th e  e e n e r e te
: .mist', .ha's;®: d l f f e z ^ n t  -valu-eB.. ef.. or- d i f f e r e n t
. . . .  ..0'la:8:t%:Mod%lig..i^^ 17@l3
T esta  on apeGlmena l o a d ^  t é  hetweeh:.'^^^ th e
n ltlsn & te  .a t  %: # id  \9Q daysg. azici r@st.br. .^.../t0^  ^ .water & fter
eaeb:-. tQ.a.t.  ^. .8.howed-.a:n:!:ia the' G:heW'#Gdn%e: ^0?. .on eaoh
.Woas'ioii»,' '& e r é ^ Ë ..  ho'a^p^aremt @ffwt.''''0h.%.t^  ^
v'etrehgth due- to' t h e  ^ a r tl.a l. lo a d in g *  ' .'.jQ.th0 '^:/'t0  :8howecl t h a t  
' .loading: 'tm ioad in g  tw lq e  h e f  ore ,ioad.ihg.LW d o e s
à o t  -&f fe e t ;  the: ejiha^tiq .^ rq p m ?tiee ,
Marahail and"/"j." L-',", ,,«'*r;<M^,p,au?%K,r<*-'!!=T!?;ï^fa3-aj»«;*j.3U[iü«tn%Kask!»ocmrzrM«uŒ&aabni'T(.UÀi'Z7%c;S!Mc<w^ • •
A.,S érias of - torsion' te sta  -oh .^l&in and ro ln f oroed^éonor 
-lof .circular.ÿ^ -'%%0tan:gul Wid tO'O-. s.@otioha:^r#ere carried -out àt
th e % ty .and: GuiMa-' Goilego^ Iiondon :in .\ The oonorete was
of :1 .: :2. :.. -è i#%y. B&idening ^Portland. Goment with, a
w a t o r ' c ^ G e m e n t . . r a t i o . - . A i l  à;p@GlmGnÂ w@re
'.The''Gir:G.ulà-r.:.'8me.GlmGn8Wér.@.'Of'%t..^ ..#n,.o},0-t^ ^
5- :lh*L d la m e te r i. . a n d ..50 In oh  o -en tra i ooG tioh. w ith: 6. 'ineh |'
cubic.al enâg!*:. . The Ohange o f  :'8.@'Gtiph. W $..' i l ^ t %  z é in fo  to  ! 
prevent. lOGhl failurO . à t  tho' .o The. t e s t in g  %  W.as o f
.6' eW iirohtich^ h oris^  t3^0ÿ..'W.ith a w heei and r.o{pe: toiK^ue
.#0&.8uring dO"BiG0..À:... 'The -angios: :0f\.'tW,8t wore m@a#ure&
.th é  taÈts' with- zdlWGray. teloaa.ope.s^ and. a:Gal0S:^  
o lro u la r  s^eGlme^y/' .th^ wore, taken .o'^ er. f: W ...ihoh
.Prom ten  tes'ts.'. on ^iain. ..G'lr8.ular ' sP'SkGim :àt. a.ges: o f 7 
BBÿ, .6:0.- an& .:BO .d.a-3r$^ . the tor<IUG'=Wiat ohrw s. 1  ^ a lin ea r
:r0 i.a tio n 8.hl^ ..to:...#(^ o f  the u ltim a te  .load*- ' Thé-'.mean value, of 
.the .MMUlus o f  was .2*5-.% .10^1b/ih%.,.WhiGh would
..:ine.reaso .a .H ^ tly  with the age .of the .GonGÿete*:. Tho^  tim es fo r  
. :th@ .to.8ta were.: ..leas: than. 15  -mi:nnto8:*'.. I t . i s  th o re f Ore- G.Gn.%i3ozmi 
th a t f  .in ÿra.G:t..i.G.@*.. W  a llo w  f o r  oreep jmder 'G.çntihn.éus lo a d in g  
m .v a lu é o f  ."be ùaed.*./.
% .inf orG@d<)Oénqrete. heama .-showed. elastiG /.hehaviour: to
^  %»»
he W een w 3 .of. th e  u ltl33^te load  ^  and during this: .ataga).
tW . é  t l f f n e é à :  waé th e  'same,- a s a  ÿ la in :  Goncrate- Wam.*
Tbià ind icated  the o&rly part of i;h@/ the
-céhoreté -aïéné- wa.s re s ia tin g  the-- torque:.* , .^-:
%t i s  8%gg@ù..t.ed that, éonoreté "behaves elaatldal'lg' u n til the 
Mtre-ss reaohé'à. thé. wW & r8Mil.B:trihutiéh -oçoùr& u n t i l
# E  . ABmOE% TORGl# TE$-Ta,7*3
Lç-%nerimënt8.. ,. .. ' -
Th# dbjeeti'^e-W aÈ tq  o h ta lh  the- : lm it ia i/  3hé.ar .Modulu^  ^ f o r  
.th@ - :G'on.arete h y  tw.l8:ting. &' ..oiroiLla.r .epeélmén and.m e.asurlng th e  
,» tr^ in $; :"by t h e - ang l e  -of d i:8 to 'rtioh  ,mq:thb(i:y and a l s o  
d i r e o t l y ,  U s i n g ' s . t r a i h :  .gauge# .reoh zd ln g  the. 
p r lh G lp a i  . t é û s i i#  and '.G'cmpre'sslve.'-^ ih d u q ed  "by . .th e
h om p lem en tary 'sh ear
..O utlih.a:...ofy^
. % #  ?§". :lziéh: d ia *  - s p iid  .clr'Q ùlar .sp ecim en  was' 6 weekm 
o ld  when first.'te stM .g ^ ^ a n d  had h@en #>réd d3?y -a fter  an I n i t i a l  . 
.'W@t^.ouzing.-®f...5 .'dàyé: .dazsp.p: f o l l o w e i  h y  1 2  dayg- in  w ater*.
T o r s io u  .o a rr led  .out on- th@' v ir g in  specim en
j^d: st.ra.ln. measû'reméhtB w ere  taken  on f  cm? . # l e e t r l c & l  gauges  ^
:'.-plaqed :in pair#.f.. at: :ol^:0 .si^ ^^  .of' a ,..dig^etqr..^,.,% arran ged
..at 4 5  degra.@s t.é;'thé:.a% ià .of" t h e  spe.Glma.ng.' t.0 ' r e c o r d  the. - 
t e n s i l e  and GO^rç'aél.VG- etralh-a.o:.. .The jmacimum torqu® a p p lie d  
was. ap W oxlB m tely  4C :^ o f  th e  u l t l m t e  tors;ion .a l. s t r e n g t h  o f
. 2 5 0 "
the., séctïq m o..
th e  sp ecim en  was e ig h t , w eek s .OÏd^ a f t ç r  &: b en d in g  
v te s t  . t o  #pprô3dm ate^ o f  I t  s u lti3 m t# . : ..bend^ s  t r e n g th  g
.T ù rsli# . T ea t w as c a r r ie d  out^. . T h is  whsx id e n tlG & l w ith  
T e st  #G:Â .e zo e p t t h a t  a meçhhnlG&l. m e&swement o f  thO'. s t i f f n e s s  
o f  t h e  sw tio H - wm# a l s o  .made.*. . ' ' . .
One Week la t e r g  a f t e r  W o f u r t h e r  h@hd& t e s t s  t o  45^ o f  
th@: u l t im a t e  .bçhd ln .g  @ trengW  had/'W ken p la o e g . T o rsio n  T e a ts  
# 0 #.*. 5  g 4  and .5. w ere .made to- 4 ^  . e f  t h e  u lt lz im te  t o r e lo n a l  
e tr e n g th ÿ  when o n ly  m éo b a n lç a l m easurem ents 0 f  th e  d ls t .o r t ls m  
.were màde*
Ï E # m 8 .W  /TESTB
:17*4
The (^1^ . G peeim en*.- r  /
% e  d ia m # er /W # ^ 'a ..-% rk ln g '
..l e n g t h  , o f  _ 50 .InehW g 'and had e # d : ê à l  enda '8  inoM^ f o r
lo a d in g  pu3#.08es.g:^.#^ d e s é r lb e d  i n  Pm?a.* 10*5:* . ;The ohange o f  
a.eo.tibn. .at. .eaoh ênd...W8 'r@ih.f orq@d on. t h e  tens.ibn . % d o.ompre88" 
io n  R.ldes.g:..by .Wo . s t r a i ^ t  .#.t@el r W s-.e x te n d in g  a p p ro x im a te ly  
th ree . .Inohea on e i t h e r  s,He*.- Two .gaa p ip e s  o f  one Inoh. bore- j
w.ere oa-st .In - ea o h  -end tr a n s .v e r a e ly  t o  t h e  .axis-: Of the. speGimen
■ -  ■ ■ ' ' - '  ' ■ ■
and 'in the. planer ..of bend lng. . (Gee P ig *  1 7 * 1 )
O a etln g  was e a r r le d  o u t in  a  wooden m ould ing box  ^  w bloh
o  m
Ga^ I l p la g
' I I  ^co
of- SpeGlmsa
§^' Îp@lnfiDP@@m0Bt &'
j f T   :@h@mge :bf 3@0atl'cm *
f
rat., ità:i .S]
l ü  . a e a t lp h s  W lt e d  W g e th sr  » . W ith
tW . Wz^' à:0i#% et#3ÿ blocked; w ith  m. 2?amg ;one: :eni, o f  th e  mould 
w^a ' f l l l e d » .  th.# reiiïfbréem ciat: &ni. g a s  izascrted g . aDd. th e
.G dncreté w e l l  t&sipW.*: . A. m heet. o f  wood waa theii. screw ed o v er  
th is -  #nd .of th e  mohïd. and. t h #  box in v e r te d  »... , $hO' ram was 
rem oved g azid the: h o re  f i l l e d  i n  .la,Yàré m o t t h ic k e r  than  4  
iimches,^: ' % c h  la y e r  .waa w e l l  tamped b y  hand, w ith  @ 6. in c h  
.d ia m eter  a t o e l  d iW : mounted c o n t r a l ly  .<m .& .s t o o i  rod »:
% e lw  hohra ^ t e r  .Gaetingg the .epoc:im0n. was roleaEod. 
from the rnqnld ,Wt h.dt otherw ise moved g -aod was'covered. w.lth 
damp é&çks; z m til. . i t  was 'Strong onongh tO: be handled a t  abont 
6, days.,, l t w à G  8.nb8.@qhently w ater and air.ccared,» fhe w eight 
\o f  . . t h e  spe.elM m wS'S. app roxl]3m tely  %^
ewRM3Z^*CfA=^WK5:V?w#^W#a]«M f >yj MUS^XatXttXI ■
The .combined bem dihg '&%%& to r a lo n  maohihe: a s  d o sc r lb o d  Izi 
G hapter . .lG. w as %$od ,*. .
;Thc D ofloetom ç.tor.:
The ri,g«i2p was iB^rovlBodg and c.Omsis.ted .of two sm all 
..pleceO o f tlÉi'pBheét. f ix e d  w ith  'p la stlc ln o . a;g^r.oximat@ly. 20 
Ihohos: a p a r t , morm&l t o  the: Btrface,.. iz i i l n o ,  and\.parall@ l w ith  
th e  a z ls . o f  .the ' S'peclmen», .& r ig id  etam.d, w e ll  b .a llaated  w ith  
weights.,: was bronght as .o.loso as p o ss ib le :  to  .the specim en,  and 
on. i t ,  on sh ort f im i .  clam ps, two l/lG,0.OO Inch plm iger typo- 
d ia l, gangOa'wçrç:: monnted to  p re ss  a g a in s t  th e  me.thl pads
providw.;.:, . .Às. WWeen the two gange readings
and tW. radins- o f tW  pitmgera: Was kh:o% of' tw ist
o v e r  -à kho#i length  :eo%ld b #  #Winated.o .
Theré la  àn o b jo ê t l^  to. th is, .method Ih t.M t bending 
.d i s t o r t i o n  wôifLd a i s é  o&nse d^  ^ r@ ad in gs,b n t à t  t w  t im e
thwé' te s t s  wçr# carried  o n t, -behdlhg.waa: hot th.onght to- bé 
. oansod. by Ipadl^g in  .torsimi...
'The. &lti«'G:haimel' ,5traim..
%e. set.j). SB. .deserlbed in  ahap.ter 7- was. nsed in  oon im ctio n  
With the Ga3#rldg0 (^Ivahdzmtor»
he, .Btr&im :Bah^S
. .'O r ig lh a lly  ,0 %  ohm,. % in.oh içn .g  g an ges # o 8 ..,l t o  6  
w ere  -a f f ix e d  to . th a  ;op#imon. a t  s u i t a b l y  sm ooth  
p o r t iw a ;  O f t h e  s h r f a c o ,  b y  .th@ method d e a é r lb e d  :ln Para <, 10 @5 
'& ey  w6r@.- .#ri*an-g@d in /tw o  r o s e t t e s :  .on q p p o .s lte  .ends .of a  
diam e.ter In  t h e  p la n #  o f  bendin.g.:e. The gangeo wore: o r ie n ta te d  
S t  a e r o ,. 4 5 -  gmd ..l55-- t o  th e  a z !#  o f  the.  ^ 0 e e  P la te  17 J
The a x i a l  .ganger. .210 8:»: 1 and. G w ere tm o e r ta in  In .o p q r a tlo z i In  
t h e  f i r s t  t e s t ,  and were. :r#piao.ed b y  f r e s h  ganges.,.. and en p p le-' .. 
m ented b y  tw.o hew one.# , %.s.« 7  .and 8 ,. p la e e d  'v e r t ic a l ly  below  
them.» .Ih. tW^ç.,. gàng0  .ÏW#l f a i l e d  t o  r@.e.ord i n  th e
f i n a l  :t@.st .of the: S'peclmen t o  d e s tm o .t io n »
.: The poa:itl.on8 .of a l l  g a n g #  .are shcM# i n  F i g .  17*1'
"2 6  0«"
T e st in g . - - . . .:
& #  s p ç G l m ç n  w a a .  f l t W d  w a . @ .  l o f t
t m d i s t n r b e d  . # % G é p t  . f e r  t h e  i 0 @ d : l n , g  i a z m i e  w h i c h '  w e r ç : .  r à e v e d  
a fW r' éaph. - ' - .
; % #  g a .ü g #  Wérë': c s r e f a l l y  éévered . w ith  .# 'th ld k  c a r tr id g e  
t é '.p reven t dam&g%. à^ .ç ,#h eq tW , .te  th e  a tra 'ln
g a h g é  s e t  »; Th®' dm m y :ga%g.#8 w ér# a t ta c h e d  t e  a  beam speelm en  
-'ahd: Were: .W iaçéd .&a. é l e à #  aa. p q 's s lh lc . te- th#:W .i& . spaclm en »
The .gàhgés .en. bçth::.%f0:.d.omp%@t.eiy h ea v y  b la c k ,
/ .é lé th  .and,.'#B: f a r  'a é ;.0 eB s.lh lé ,/w erç  .% B e fo re
f'éSOi,, 'th e  80t. w as -allow ed te -  warm %p honr.*.
.':.The\/defleO% r lg :  was-: f i t t . e d  A
'mih-imma.bf thr00iY% Ç& nOGÇSâary ,fO r
' w h ich  .0 le ç tr lG a l'.i^ .W ln g a  w'ér'e . t ^
:.:Gh.8orv&tlW@. ànd,..:GélcnlatiW 8... _ '
The..%  t.êsts .,. togothe-r^w th e
calc%la..t.i.ona' a%  g lv o h  . l n  Appond.ié'ea G rap h ica l
/pr@éenta.tiOn. q f  the: readlngs-. l a  g iv é n .'I ç  Gr% 1 7  «5 -and
.%7o4 .  ^ \
» 2 6 i -  ■ '
1 7 ,5  .F ss î3 ia s 'asb: sm sâsfïs: e s  iim im w A i.. aBS'ïs
:%8t$''#q8.K..l and.#"'.""''''tMr%epc*%C3r»n-T:ii«/wi*woàaweuq3guM«*aMn.Te%n=*%Æ*:«A'**A-cù::fgac9 - ' ' ‘ .
%'» . T o rsio n  wms, on thé. i& rg ïn  .sp ec ie
the: ' in d iv ld h a i  gauges EW:« B , 5 ,  4  and. #,..: s.how@d t h a t  the:
:Strain$: w ere p r o p o r t io n a l  t o  th e  lo a d  tOy 4.0ÿ^  o f  th e  
o ilt lm a to  t.'orquB: Graph, .17 »B).
A Sim ilar-Q onqlusiq^^ f o l l c ^ e  from  T o # io h  T e s t  É o.B  (.8ee 
.. Graph i7 « 5 )  ' - .'. , .
2» .The: ^ s le C tr ic a l^  sh e a r  .atr& lna,., i# iG h . .,àr0  .g iven  by
. :th0  . .a lg o b r a lù : d i f f  erohGe. W  t h # ; ^  o f  " th e  45*^
. gaûgos -cf. a . p a i r ,  were: fo.m%(l t o  b #  th e  same f o r  each  p a i r .  
I n /b o th :  t e a  ta .' ,  "(See Gra.phs 17.;^ .and
. ;The. r a te  o f  o lo ç t r iQ a l  .shear, s t r a i n  p e r  lOyOOO l b . i n .
j3 .
t.or^T:^# /^rom  w h ich  ':=* . .
. ..^hoa:r #od%i3i8 o f  % la& tie .ity  , := :2 »#'X l0 % b /in '^
,3;o. A. rem arkable f e a t u r e  o f  th e  t e a t s  was t h a t  th e
pzinG :lpal. t 0 # : i l o \  s t r a in s : - a t  '45^ . t h é  a x i s  o f  th e  
,ape:G:lmen :ao:omip.anying th e  a t a t #  o f  s h e a r ,  wore about 70^ 
.g r e a te r  th an  the.: o.ozT68p.ondln:g ' o.ompr@.sa.lv0 à t r a în a  » (8e@
. Appemdieea _%]QC7I.1I and %3Œ:IX.} The a l i g h t  d l f f  orenoe  
betw een  th e  tw,o te h s lo h . gau ges and th é  tw o GO]o%)r@à8lon 
gauge r e a d in g s ,  l à  .most p r o b a b ly  due' .to e r r o r a  in  . th e  
assum ed a n g le s  Of :o r ie n ta t io n  .of th e  gauges.* T hese a re  
G orroct .t.o- ab ou t 4-.
b y  P a u l And®#,:pn ;(1,)\». Eow evcr,. i t .  lB. t o
:im agln# how. tW  .te m s ilo  :and o.G3^ré6#lvô s.traln'8., ca n  bo- -
& a ta W  0f: .pure t o r e io n , .  w ith o u t  th e r e  b e in g  
ba;. t h #  #at'0rl,al.'»;.. As.susaihg t h a t  th e  
d lf f é r ô n e o  :ln . çtra.ine: .is; .péÇ àl'b le, then, à a  Yçtmg^.a. Modulus
.:W t.oM ion  .has W on f'oimd in . o th er  te:st.8 .to- bo.' g rea ter
than: i n  oo33^resa.iom.,.:. .Poi#(m.^.S .EatW  i n  o:oi%)ro8slon miBt. 
b@: g r e a t e r  than i n  ten.sionf:. b u t  t h i s  is .  c o n tr a r y  t o  the. 
rom ilts:: o f  th é  .o th er  t o s t s  » -
%t. 8h(m l# b e  h o ted  t h a t  th e  .d if fe r ç n é é  :of' a .tra ln s  
. . Gannot b e . o a u w d  by. .thé: lo W ln g ,  f o r  évon: . i f  thO' t o r s io n  
lo.adB w ore / $ ii .g h t^  Unequal,,, th é  b o n d in g  a c t i o n  r@s:nl'tlng 
. wouDjl. n o t  W  #.G'Ordod. .on t h é  gangoéy a s  th e y  w ould be 
. s i t u a t o i  é n  . é r  no.ar t o  th o  n@ utrai :Qp^  .of. _t.ho. b on d in gs  
& f o r t im â t é ly . ,  th o  .a z i.s .lg a u g o s  lW ., .  i  .a n i6 '  wer0..n^  
:in' Ç p éré.tiW  d u r in g  thçs.o  t o  à ta.,', à.6 t h a t  t h o r e i s  u o  .qhook
on th é  p r in c ip a l  . é W
Tost'm.Wé:.*. .3,^  4.....and 5
:4.,. Tho mo.Ghàniôai é:tro$:a='é t r a in  ourvos' shé#- & . l in e a r
r o la t lp n G h lp  I n  m^  ^ testa .» . (bpaph 17.a4')<^ .. . %t. i s
prçW blo: t h a t  th e  d .e flé .ç tion m  :obtéiné^  T e s t  Eo..S a r e  
d i f f é r e n t  from  th é  o th e r s , ,  due to  t h e  movement o f  th e  
.8peo.lmen in  thé.' f  o o t in g  » A .p rop er ly  d o s ig n e d
attach to. the àpeclmon w.ouM..have 
more- çatlsfàqtory,. as ' bonding defleetions.: mgst have boon 
moasurod in tWso teat#» Eowévér, the .oônsîetenQy Gf t.h< 
ro8u%.té o f  à  .pArticUiar tost is not . I n  io.ubt.». .
5.:,: .The. av0]:%go Modulus .from .the. .meOhanio&ï. tests,
was, fkmnd W :&0\'2 ::»i x .%:.0%b/ih^:,:' wWlGh. is; of the 's.am©:
.o.ide.r- .as the values ohtained ©iectrioaily. ' . However, it Is 
..proWb3..e: thà.t. the d.efi.e:Gtion& are % due to
movement of the specliaen In the: footing oo-that the tr 
modnlw would hç ..gremt.ér than the 'eb..ovo.' :Vh^
1 7 .6  . - ( à E m i,:G 0 N G m a i# 8 'm  W .
:1.: '. ' T he average: v a lu e  o f  "the .Bhéàr' Mod.ulue o f' E la s t i e . i t y
fo r . t b i e  e o n ç r e te  a t  6. *» 8  weeks: OiW:' -x lO ^ ib /ln ^ .»
.T h is i a -% ty p ic .a l  v a lu e  f o r  o o n o r o te '-o f  .s tr e n g th y and 
.it- .provido.8: 'p a r t io h la r ly  .ùaeful: 'in f orm ation.,/ a a  i t  ha.8 
shown hy. .W v® ral .o%P@.r th a t . i . t  .ma.y. be- a p p lie d  W
8 .tiffn 0 8 O  0 :a len ia tlo n s: On. l o n g i t u d in a i ly  .#lnfo'ro..od=  
o o n o r e té  h e w  . .
B..* .EookO' .^à ..'I#w is.. .obeyed, .ove.r th e  rWgO' W  t h a t  l a
. from  #..-» 40^ .o f  th é  ^ultim ate, stren gth .^  w h ich  a g r e e s  w ith  
tho.: f in d in g 8 '..o f . :Turner and D .avies ..(S6j a .nd iM arshall and 
Témt
àîfferèRGO: w&e- olïsorved the. prlnolp& l
te h ië ile  @tTalm8'. at. 45-: to  .the- a z ls  .o f . th e
-Bjpeéimom mooom^m.srlng: à s ta te  o f  ,i%z%,..;Sho&ry.: whloh agroea . 
w ith  the. flhdihgB; ,pf P&%1 th is .. s ta to  of.
.a ff.e irs is : h o t ô.cmii)atlbi@: w ith  th e  .hekm ^ohr o f a 
homogonohO mo.ro' hof.oro th e
Id e a  OiS&i he; a:Qo.oÿb:8d a^ s a  .gon6z*ai:;t.o%Koh'.':ph@môm 
%@.'o%porim@nt.s oapri^^^^ o h t  w ore :q#iW...d on t h i s
ioadia.g.ÿ ro^eâted. a /.f # -  tim es to. 40$^  of the 
h ltim & to w it h  .:ihteTmedia.te ioadi.ng/'i2i'-.h%h^^ t o  45^  o f  th e  
h e a d in g  atrongth^ . do.o#.: h.ot,. a f f e c t  .thé;. ei&B.ti:G: prop@rtl@a.@
1 0^ oro.op im ioa. load. was-. ohéoà70d:',..d%ih;g thO:: teata.j,. 
ea.eh .of which -ocs^letod i a  wdoa'.'W  ^ iW to
.%t.' is -  aoçéât& ry  t.o . :r^-.lhfoz%.0 :), change o f
s o o t io h  a t  .th e  ohdo: o f  t h e  q lr e a la r  :.tor:él.ohà% s:^eolmeD8gi 
.to .#r:G:t0 h.t fa lla r e ^  here^: 3?hiS' w i t h  th e
fin d in g s; , o f: ÀDdoaeon .(1.) and -M arshali.a^  Tombe (5 9 )
.%hfoiPmatioh , w  h e a t  f.o%  o f  thiS:.'r.elD foreem ent. .is
g iv e n  i n  the. .q: th ea ls .. (2 6 j*  .
■ • : '' .
- , .  - Giontlnned
«>S6S'=> •
%t. wonid. h avo  I n t e r e s t ih g  t o  have .oom ploted
O'tralm me:açm?om@nta :ia. a  .ÿure to r s io n , .to.at: to; fract.or.Oy In  
o r d e r  t o  doto'^WLno thé: u ltim ate.- ten.8.ile: a.traln- h o t  y owing  
t o  Oh.o.rtage o f  /tim e ÿ th l# : w as n o t  p o s s i b l e  @
The r e e o l t o  .'A W lnod  t.h .'of t h o  o l t lm a to  h^
.tho- .m oro'0:igni'&  .as . .th e j  are  v ir to a ilg ^  th e
.o laatio . rangé o f  .th e  .m aterl.aiy and arO' h ot .haood .on.
. ohaerva.tiono' when th e  sg:eolmon. ia . d e f  orming;
,$BS$S « A  :ff3Bei3IAR ;SBe®ï«uÿ&KtgKçKTAA r:tsîevù«,7iH£::Css^itA
:GZ
18^1 . 2 S S S 2 S  - - ' -  ' !
- Bending:,: . t é s t a . on :cçnor@te. 's'gacimehs : o f  o l r c h la r  
é8ST#éotl:<m aroi' jmïhçnàly... a l t h o  shape
f o r  tr a n s v o r s o  s t r e n g t h  te a ts -  oh o a s t  ir:ph0^^ an-other ;
: .b z i t t i0 : m a te r ia l» . . S.o fa .r  as. l$y:3aiownÿj^ ^^  reo.ord o f
angr anoh e i^ o r lm o n ts  on o o n ere to ,:  &ro: |
d w cr ih G d  beiW*.: .\
:.Gb.jo.et o f  ..tho; .%
The o b j e c t  de.Wrmine:- th #  o f  th e
cbnoretoryi/ .ahd alb:%  determ ine: % lw :#i.^ .8yE h tio  ten.B ion and
G.ompre.sai#.^: .b^,-me.aan^ t h e  /stra lm a d iro .o tl.on g  ;
,.'&t g i  ven p.olntç:- Oh th e  ép@clméB .ô.' . . .    i .. .
% t l ih o  .of the:: .%p:@rlm6nts.\
. .  .apcclmon w hiqh .was;-. n sod  f o r  th®' 
ah%&r. .1ŸL- wae a ls-o  m od  fo r -  t h la  -eer lo a  of- t e s t a  in  t h e
-B eh iihg é& rriçd  out. K e n
.'seven, weeke o ld i:  :à fte r  i t  had been .load& .:.to:\%  1 # -
':u lt i# t 'e ' . t o r s ie h .a i  .strength:»: ' During, lo a d in g , t é  ' a^
..45 '^ o f  I t s  iû:t,imaté,.hendih..g s'trçngt:hy. ..:etraïn .3^ ^^  w ere
tKken' .W  W o .stÿ& ih .gàug0 rosett.0S .y  W #lç^
.% p osit..ér '^ d s. o f .  e.
:At; sm. age., o f  .e ig h t  w@0 ks.y.. after^  a f u r th e r  t o r s io n  t o s t  t o  
4p^ o f  I t s  u lt is m W  str e m g th  had been  màdo:y Bending. T e s t  Ho@B 
was- e a r r lé d  .out t o  .45^ of- the: u lt im a te , bending: .l.ead.:. The 
.d e f l é e t io ü  o f':th e  '8peolmen was. m easured ^  to g e th e r ' w ith  t h é  
prinG % & l .bendin.g: st^ ^^  . . .
- . T e a ts  .EosV. .5 and: 4^ In. w h ich  ^.ohly thç: .dOf lo o t lo n s -  .of th e
sp ee lm eh  were, n o te d  y. to o k  :plao.e. one we.ek a f te r '  -^ost .Eo»9,.
. Af.tor- two .more t o r s io n  .'testB. to . 40^ .of' thé. ùltlmat&y:. B en ilm g  
.:%8t..Eo»5 Wà8.' :.oarrled outjr . The ispeolm en wa.a .loaded -to. 50^ o f  
.It.s. 'tùitiim  behding:. s t r e n g t h  .-an^  ^ &i0asur.ement8- On th e
.; r o s e t t e .s  y,. .as- W e ll -.a:s. t h e  .defle.otlone::. -of the-, s-peeimen^- w ero
18.»:S D Em U ,# ..W ŒE- ::TB8T8 -  ' .
. .^. Th.e.. t e a t in g . a p i^ r a tu s  and  th e  i  
-/#ére.-.:id@ ntic'al.w i'th :th^ .;ln th e . toroi-oh'
. .fu l l^  'd esor lb çd  in . .p.ara.e:
O1*. \  . . .  %c)m an ' '# leO tr l.a a l s  ta n d p o in t y. .Tests' Eos * 1  and
.w ere, n o t  very, s a t l s f a o t o r y  (^.ee '0ra.ph..l8»l).*.' .3h T e s t .
Eo.m'l,, the: #5^ .:' gauge ^ 0*5  on :the tem slon^wid.e o f  th e  
. :8peo-lmon f a i l e d ,  t o  reoordy thus.- .sp .G ilihg ..tho  r o s e t t e  
i^eadlngS:..'. th@:. oomprosaiOn alde.y 'the-. 45^- .gauges Eo.8:»
^  .and S behaved. o r r m tlo .a lly  y  . w h l lo t  :a%là3.-gauge E o , l  
: r eo o M ed  sm a lle r  atr& lns. than. w@.r$ e%p:0 Gted*. The r e a d in g  
. . .  wero. .not oompa'tlbïé. w ith  th e  noi%ial.ly ad aep ted  p r ln o lp lo  
.that. Pola.s.on.^.a R a tio  'la  m ogatlve*  -
In  To.a.t .E:0 *:^ y when... o n ly  t h e  æ ç ia l  .gaugoa Eos.* l y  Ÿy 
..and 8 were, l a  o p e r a tio n  y. the: ten a loh : .gauge: f a i l e d  t:o 
. ro.G:ordg' lé â v in g . th e  two ga.uges.. on  .tho.'! ' Ooi#reB:S.l.on .sldo: 
sh ow in g  e # u a l  # lu e 8 .y  as- was e x p e c te d  »: E:(mevery th e y  d id
_ gl'VO:- oiotlisa'to.. o f  t W  O tra ih  rate.'proW blO:- f o r  Test: No @5
.8:.; 4y  in 'w h lo h  th é  d e f l e c t l o n  o v e r
. .# BO@T .Ineh g a u g e  .l0n.gth w as m easured y. ..gave - o o n a ls t e n t  
r:oad:ihgS:y, .(.8.eo: Graph 18.@5 ),y im t  .o a le u la t lo n a  from  them  a rc  
not. .r é l iÀ le : y  as. é m a il  ohanges'' In  th e . r e a d in g  o f  th e  .lower 
d i a l  gauge make v e r y  la r g e  di:ffer@n.ç@@. 'W the- r e s u l t »
.- (8o:o A ppendiéçà..^^ B e t t o r  r e  s u i t s  w ould
h a v é  h een  oh'taihed b y  rala .lng: th e  p o s i t i o n  o f  th e  lo w e r  
gauge s o  t h a t  l a r g e r  r e a d in g s  w ould b e  lh d lo :a ted *  Aieo^' 
ow ing t o  the. method, o f  supportim .g th e  d i a l  .g&uge8.y any
« 8 6 9 -  ;
b o d i ly  s h i f t ,  é f' .the .apéclm en lo a d in g s
#q.uld hàvè .W en a s  d é f  l e c t ïm i  ».' . , Â d e f ïe o to m e te r -
a tta c h e d  t o . t h é  spe.çlmen. wohM  h ave a v o id ed  t h i s  d i f f i c u l t é  
.Thex W .a .sw  t h a t  th e  .%:e6lmeh'"^.s W ndl^
ab ou t .a .sectio n . .Ih. th@: f o o t i n g  agpr.o]d±m tely 8  - ^  
below  th e . o l% ^ in g  boltSr». Tho MWulum from.
. theéo; re.8ù'lt8\ i&  a p p r o x iw t e ly  3 x  .1 0 % b /lh - ..y . .but th@: 
value: iç ' : im fe lla b lé : f o r  th e  re,h86n8: .giv^n.....a%
5:6: ,%n .T #.t EOaSy th e  .% gau ges on ..the Go%>resslon s id e
o f  th e  epeGimeh showod e^ua'l s.tralns.-y. i^hi.oh ^ r e .-  50^
... g r e a t e r  th an  tW8.é.'..of th e  èorresjgmndiù.g ^  on th e  
. t e n a le n  Graph. 1 8 ,2 } ... .- ..^ .
. ThO'twd:.''a^al :gaugçs. a^éW :.:t^'^ 6^».
% e a'xlai'O O  .gauge- Eo..«i f a i iç d - t # : 'o p  and
. it8;...eoG#ahioh-y E o»8 showed a. ohan ge v&t-.&hout 80^ o f
.. th@' u lt im a te  lo a d  y th a t , is -y 
.% s- .a le o  .-r.efieG.to.d in  t W . 4B'^'\.ç-bi#rehs$oh: .and was-
.p ro b a b ly  duo,.t® .a .looa l.b roak dow n :w h io h ;w  by
i.a r e o r ^ h iù K t iq h  th e  . m aterial..», . :. .%!#...'however^, d i s »
.org&nls.e.d t.h.ç,^iabsolute' .s t r a in ,  reàdih'g^ ^^ ^^  r o s e t t e  y b u t
. l h i t l a l l y y  \gaùgè- no.:@8. behave^^ a s  :ln,:Te..#t and,, u s in g
t h i s  va luey . .th e  .d ir e o t  ob m p resslo  abou t
.equal to.' th .#b ;'-&  tensloh.»..' -
E v a lu a tin g ; .Polmscm R a tib  ? f  rmi' the: r e la t io n s h ip
^ -^4%' in  to W irn  and In, -
AsSusz^g/that plane.:. soGtiohB.; romaizl .plane: a t loadg  
4 ^  o f  th@; uitim&te'y: %W.uia8 o f BoWing^ from
readings.; o f  T est Eo,#. was. .5@#6 x .10^1b/ln^..
3; I s  reas.onahley. as . i t  l i e s  WWeen; ^the values., obtained  
fo r  th e  %otmg:.()# Modulus .of t h is  con orete i^i t.enslon and 
Om^rOssi.oh,: % e .vaiueg. whloh I s  fo r  .a .cirGular section
mayy: hw.e.ver^ y^ r b e  .gU gh tiy  d iffe r e n t  from th a t ^obt&lned In- 
g t#:8t..'.oh a: rectangalar sectloh.;^: :
:: trànsvorse hending .te.st.S::.#. ..ç.K8.t l.rohg g iv e s  
.the r a t io  .of tW . .modnlus: o f .rupture,;. .t.o the. t.en sile : .stren gth  
a:S. 8 » .l8 'fo r  .#.. ..cirG:Uiar: s;0Gti.(m.y.
.sq u a * ' and:. ..re.ctanghlar^ ;.8@ction.y. .r e a p é o t iv o ly ». . .Although
th e  ..e ffe h t it f  .shape #11.1 be. grëa.te..8.t. a t . load a near: to  
ih^ %c.:tur0.y.. some he ezpected  a t  low er lo a d s.,
.From thç: severa l t e s t s  i t  may hé séen that Bookers, 
law  was .obeyed, to  40^ o f the hltim&te bending -strength» 
There: appea.red to be .a sm all .reduçtlon in  the Modulus.
.above th is  .lo.àdy; which, was cenfirm ed by b o th  the e le c trlG a ] 
and me:Ghani.c.al .readin.g8 »:
« e n »
1 8 .4  G m em aim m . mî m a  a m m r e  süssTS
*wz35L%moé%a;wKAwm'M«aie^  icwr,'",., iy ; jr - ,mM»w _ .,K C ^ w % % a #',''n ,Krr?ni::,.u;w3«5gawONnmRcuKg%«aMAW3*3*cvaw»«»=n^^
li»: f o r  t h i s  :in "tW c o n d itio n , t e s to d y
. whs fotm d W  bÇ': iz i tonsion .y  and i n  Gosprosolrni»-
Thé tm é lO h  Wiùo.:y i n  p a r t i c u la r  ÿ lo- '.very r e l ia b le .»
'2.<,:, The bonding .%0dulûB. o f E lae.ti.city^  o a ic u la tç d  on th e
o f  p lané àOctioma- remainilng- p la n e  t o . 40^ .of the
u lt im a te , ..load y was y from  th e  e l è é t r i c a l  roadihga.y
'..O.
S::»#6- X. Ip. Ib /fih^' VâïiGh i e .  l n  beW .eoh the; V alue .o b ta in ed  f o r  
..3Eo.img'^ s Modulus. .In th é . te n a le n  and c m ^ e s s i o n  t e s t s  on 
t h i s  cOncre.te *. - ' -
'3.@. . ... The\ d e f l e c t io n  m easurem enta am at ,b@: n ^ e .  b y  in s tr u m e n ts
.' .. .,'at% 0hed t o  .thç - çp oo lm çh ,
4» .Eooko.M;^^ i^  ^ waa obeydd b y  tW . 'co n cre te  .in  b en d in g  t o
,of the; u ltlW K te b e n d ih g  .Previous, t o r s i o n a l
lo a d in g , t o  40^ o f  the, u lt is^ t .o . to r 8 lo n a .i  s t r e n g th  a p p a ren tly , 
.had h h " é ffe .c t  on th e  b eh a v io u r  o f  th e  concr.'ete Im bend ing»
G B: A ? T E: R
..ŒB; T O M i# :
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' A knowledge, o f  th e  b@havl.o%r o f  à  m m ter la l
eomblhed 'e t r e s s e s  I s  o f  tha. u tm ost v d l w  d e s ig n  g. sine©  
o n ly  .rarely^-, i s  a. .8tTUctm ?al momber m ubjeotod t o  almpl© lo a d in g ,  
. a v a l la b ie . ç x p o r lm é n ta l o v ld e n c a  ' #%'gge#ts: th a t, b r i t t l e  
m K ter la le  f  r a o tu r e  a t  & d o f l n l t o  maximum p r ln G lp a l' s t r e s s  y when 
th l8 : Is-. a: ton sltm *:.. - E a r ly  t o s t a  weré. m ostly , on o a st. Iron *
..T ests by. Boobi®: .(,$2) un der .o and to r s io n ^  f o r
cxa^ log^  8hw .éd  ..d.gr.@omont w ith  th #  .mazdzmm .p r in c ip a l  s t r e s s  
'.theory.*. . .BowWor.^ 1%: .1915 à  .G^baædittoé s o t  .hp.:.^  B r i t i s h
A s s o c ia t io n  to  -ln.vo@.tlgato. th e  probiom  bf.. :#ie o m lp lez  s t r o a s  
d i s t r i b u t io n  .:ln .o n g lh eo r ih g  ,materi.àl@ .reported  - (.11 ), th a t
o ^ o r lm o n ts  W  boen. made w ith  th e  m a t e r ia ls  now o la s s o d  
a s  b r i t t l e ; ,  a M  t h e s #  a lr e a d y  made ^  sh o u ld  m o s t ly  , be. r e p e a te d  
The s o l u t i o n  t o  the; prob lem  f o r  b r i t t l e  m a to .r la ls  h as n o t  
.progréssed- g r e a t ly  s i n c e  t h i s  da.te.». f a r  a s  I s  known*.
<^ 8*7 5™
t h e r e  h âve beem o n ly  t h r ç #  :mâj:ér reéear^^ en s t o n e 'or  oonG rete  
.Wd#!' éombln^ â trçéâes:,' two: o f  :& fundaïaohtal.âW '. one a f  a  
p r a o t lG a i  hâtuW ^
. . The; f U n d a m e n t â l ' P z ^ ( ) b l o m  b f  th e  b o . h & v i o u r  o  G o n G r e t e
;,W i d e r  t h e  , v e r y  p r â o t i o â l  t y p e  o f  l o a d i n g  o f  c o m b i n e d  b o n d i n g  
aud. torôioniy, #iiG :h. io:. o f  p a r t i c u la r  in t e r o o  r e in f o r c e d -
OGncroto: .çnginç8ring',. had a Q tb ^  .invo'8.tlgato6.» A omi^lao o f  
t o o t s g .  u s i n g  t h l g :  t y p o  o f  l o a d i n g , ,  w e r e  G à r r l o à  o u t  b y  M r *  D *  . 
F is h e r  (8 6 ) a n d .th o  a u th o r  .(1945^ As. a  .p a r t o f  t h i s
progrâim o.g:'tho t e a t  d eeG rib W  In  t h i e  c h a p te r  was made t o  
. ' i h . v @ o t l g a t e ^ ^  d e f o r m a t i o n  o f  t h e  G o n Q r é t # . / U h 4 ® 3 ? '  < ^ ^ ^
1 9 ,2  m^TORIOAB^#^ ,
, . . . . . _Bin.o;é '19.'15 é 3 p e ^ m é 5 ta  .on.'at'Oho .:Or^^^ ^^
:;G.omib.lned . .âtromoes:,- h ave , been  .made by:$aW#%:.ah%^
' Rlehart:f..%'Br#idtzaeg % d Brown. and
B ylander. (BtookhMKy.;iW5.).^^^ . - .
T e s te  b y  .Mrman a M  .Boker ( S ë j . YaAÀ %: ) . :
\  A .Gmprehen8lV@ a.érl.é$. o f  t é s t s , ,  iOn .a v^ 
q u a l ity ,  o f  .M arhle\ .mad,or  ^ .eon d ltion s. .o f  .@ t r # s ,  w ere u n d e r -  
taken, a t  .th e  .B h lv o r a lty  o f  (Mt . ' Th@re''We:r^^
"(i.) C y lin d e r s  .Bùbjeotéd t o  v a r io m  o e m h ln a tlo n s  o f  a x i a l  
lo a d  and l a t e r a l  f  lu id  p r e s su r e »
s u b je c te d  t o  to r e lo n  I n  a d d lt lc m  'to -a x l& l  
- lo a d  @ùd , i a t é r a l  ' f lu ld  'pre:@sui^>^  ^ . . ' !
T e a ts  b y  id.GMi^:» Brazidtsa0.g :eh eom ien t %()
. A l a r g e  mimber o f  oon G rete  c y l in d e r s  were^ t e s t e d  umder |
tw o, and t h r e e d i m e n s l m i a l  oo^ ^ reaalon  . A t - t h e  d i v e r s i t y  o f  
l l l l n o i a :  :in 19BB*- - T h e . tw o d lm ension m i Q on^reesion was s u p p lie d  !. 
b y 'o i lp r e s s u r o i* -  
'. *  %t sh o u ld  "be- notod,.. th a t  in  th o s e  t e s t s  j,., o n ly  th o  o v e r a l l  -
d e fo rm a tio n s  a lo n g  th e  &%1 @ o f  th e  sp ec im en s were, m easu red ,
owing: tO' th e  l a t e r a l  f l u i d  p r e ssu r e , apparatus^.*: -. . The- s t r a i n  |:
m easurem ents,, therefore.:,' w ere o f  l im it e d  va lue , in. e x p la in in g  
th e .h e h a v io u r  o f  t h c m a t e r la l»  A dlsou.8'si.ôn. -on. th e  o o n q lu s io n s  } 
frcaa th es.e  t e s t s  w ith, r e g a r d  to. the- t h e o r i e s  o f  f a i l u r e ,  . i s  I
g iv e n  in  the .^ o.ompanion t h e s i s  {.26)
.TeStç.hy.ByiGKnd^ }
Aa,.pa-rt o f  a. v ery , l a r g e  n im ber o f  e^peidm enta on th e  :-
torsion .'.and . t-o rs i.o n a l .r e s t r a in t  o f  eon orete: strn c .tu re .s  c a r r ie d  
-out in  Stockholm  in  .1946, t e s t s  w ere .made, im der com bined ^bonding 
.and to r 's lo n à l  lo a d in g  on twenty?^.sl% r@.lhf.0roed-G:On.orete beams »
.Teh w eré .o f  s e o t lo n : ,  ç.1% of. 80  oms*
reo .ta n g h la r  s e .o t lo n ,  &hd t e h  o f  t e e  seotion .' 6o.S x  $0  oms* 
f la n g e  by 9»;6...%. .20 .oms» web.» -. The beam s:/had.# w ork ing  le n g th  
o f  100 oms» and w.ere t e s t e d  In  th e  m ach iné showh in  F ig »  I G d  
The o o n o re te  m ix v a r ie d  b etw een  th e  d i f f e r e n t  s e r l e g ,  a  t y p i c a l
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one. b ein g . .1 : :5.e7. : sand,., igra-;
w ith , a  watér-Gemoùt.. r a t io .  ..of .0:^75 % #' t e s t #  were, .made a t  28
days*. -. ' -. -
Def3Leotloh m daauremeht# w ere ta k é n  w ith  gauges
and t o r s i t m a l  'rotation.^ by  U sin g  p la n e  .^rror#:^  oG alea .and- 
tçle8C Q pea .çv0r .a:...lO.Ç .Qm».. gà^
Bs^ctangular an d . t e c  s e .o t i e h s ,.. w ith  s t r o n g  r e i n f  orcem en t,  
Wçi^. t e s t e d  to. stud .y  th e  .G ôhcrete. f.@llm^@.j ..equare ànd te.o  
e o o t ld n s . ,  w i t h  low- o r  'normal re ln fo r G e m en t, were, t e s t e d  t o  
ctU d y  th e . b en d in g  .fa ilu r e :  o f  th e  r e ln f  oro.ement when eub je o te d  
t o  s im u lta n eo u s  t o r s io n  o .
I h t e r e a t ln g .  graphe. .( Graph w ere p ro d u eed , show ing
th e  v a r ia t io n ' In. the.'s.e.oant l^hear ModuluB o f  E l a s t i o l t y  w ith  . 
bending, moment f o r  fo u r  d i f f e r e n t  t w i s t i n g  momenta, , and w ith  ' 
t w le t ln g  .moment for' thz%e d i f f e r e n t  bendln.g. moments . I t  
a p p e a r s , 'fro m .th e  .r e s u l t #  o f  tW  four' apeolm en# t o u t e d ,  th a t,  
tho'- 8e.oant Bhear: Modulus dlm liii8he.a  : b y  ab ou t 70^ .:ov@r' the- 
r à n g e  o f  'the a p p lie d  b e n d in g  moment f.or  th e  .g iven  maximum 
' t w is t in g  moment».. . 'The. apedlm enà w ere  a u b je e te d  t o  .eaGh lo a d  
f o r  1 minute' and, .thO. .lo a d  wa# th e n  o o m p le te ly  .removed f o r  
8. minute#.* . Any e .ffe .c t  from  t h e  r.epeat'ed load ln .g  1# n e g leo te d o .  
,.51m ilarlyg. th e  aeO ant 3iodnlU8 d im ln leh ea . by. mbont. .50^ over: th e  
rànge. o f  .th@' &pp.ll0 d.' torq u e, f o r  .a g iv e n  bonding'm om ent ».
B ow over, I t  i s  n o te d  t h a t  t h e  G on d ition a  o f  th e e e  t e a t s  were  
a l l  'very s i m i l a r ,  and' w ere  p r im a r i ly  a  .-large- bending'm om ent.
. =276=. ,
plH0  a sm all tsrqae o f approxim ately 15/? e f  the u ltim ate  
to r s io n a l s tren g th  o f the section®
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The o h je e t  was to  d e term in e  th e  e f f e c t  o f  an a p p lie d  
"bending moment on th e  t o r s io n a l  s t i f f n e s s  o f  a  p la in  c o n c r e te  
specim en o f  c lr G u la r  s e c t io n #  In  a d d it io n  b y  m easu rin g  th e  
s t r a i n s  in  th r e e  d ir e c t io n s  a t  a d e f i n i t e  p o in t  on th e  
specim en a  m easure o f  th e  t e n s i l e  s t r a in  c a p a c ity  o f  th e  
c o n c r e te  was to  be made# T h is  would g iv e  some I n d ic a t io n  
a s  t o  w h eth er  th e  p r in c ip a l  t e n s i l e  s t r a in  i s  th e  c r i t e r io n  
o f  th e  f a i l u r e  o f  c o n c r e te  under combined s t r e s s e s .
O u tlin e  o f  th e  ex p er im en ts  #
The specim en was t e s t e d  in  th e  combined b en d in g  and 
t o r s io n  m achine a t  an age o f  n in e  w eek s, a f t e r  I t  had been  
u sed  f o r  th e  s l i # l e  t o r s io n  and b en d in g  t e s t s  as d e sc r ib e d  
in  C h apters 17 and 18»
The specim en w as lo a d ed  b y  a pure b en d in g  moment t o  
a p p ro x im a te ly  60^ o f  i t s  u l t im a te  b en d in g  s t r e n g t h ,  and th e n ,  
w ith  t h i s  b en d in g  moment m a in ta in e d , i t  was su b je c te d  t o  
g r a d u a lly  in c r e a s in g  t w i s t in g  moments u n t i l  f r a c t u r e  occu rred  
D uring lo a d in g ,  m easurem ents w ere made on two e l e c t r i c  s t r a in  
gauge r o s e t t e s ,  p la c e d  a t  o p p o s ite  ends o f  a d ia m e ter  in  th e  
p la n é  o f  b e n d in g . D e f le c t io n  m easurem ents wero a l s o  tak en
-STY-
o v e r -a  l e n g t h  .o f .
19*4 . .m m iL S 'W
: ' .T h e /te s t in g  âppai%W# .#%3d . téB ting\pr0cedm *@  w ere  
I d e n t ic a l:  w ith  th o s e  used. In  th e  e .lB 01c t-orsiom  en d  b en d in g  
t e s t s ,  end. a r o .. .fa l ly  d e s o r ib e d  IS: ?&ra.». 17^4» /  F our o p era to r#  
were- r e q u ir e d  t o  c a r r y  .o.ut.. th is', tost.» .
The b en d in g  moment was . e p p l le d  In  tw e lv e  e q u a l In cr em e n ts , 
and th e  t o r s io n a l  lo a d  In  e ig h te e n  Increm ent#». E a c h 'lo a d  
.c o n d it io n  wa#. .m aintain.ed f  o r  a p p ro x im a te ly  '5§. m in u te#  and ^  o f  
t h i s  t im e , tw.o m ihu tee w ere  r o q a ir e d  t o  road  th©: se v e n  e l e c t r i c .
:.0bBerv&ti%:8 .:mnd ..G'alGulatl.ôns
Tbo: read in gs- f o r  th #  . t .e s t ,  togeth e-r  w ith  .the c .a lc .u lat.ionag  
a r e  g iv e n  in . A p p en d ices %"yi% and .% l)71il, G r a ^ lc a l  
..pré'aen tation  o f  - th e  r e a d in g s  i s  g iv e n  i n  Graph#:, 19i^2 :and 19 @5
19 *5 ' A #  .q.0&miKT8(: 0B THE TEST■'c:srÆgy=Pgg0^ g^SC«»«àW'-*f»->»*lBWiJ»tuyzawsasg«<c««itfqzM>aiitgaW^*—e5rraJ-i#^%^gïfeiaaK%Ttgtoac^^
. The b eh a v io u r  -of th e  specim en  d u r in g  h en d in g  1@' 
diacm eeed. f u l l y  i n  C hapter IS.* E ow ever, i t  sh o u ld  be  
n o te d  tha-,t. .th e  fo u r  gauge#., on . t h e . t e n è l m .s M  w ere  
e x tr em e ly  .c o n s i s t e n t ,  and  t h e i r  readings:, and G a lc u la t lo n #  
.made f  :r.om them  a re  c o n s id e r e d  -to be v e ry  r e l ia b l e o
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gauges Were- n o t  a s  c o n s i s t e n t  a s  th o s e  o f  
th é  t e n a im  g a u g e s , and the. a x i a l  ^ u g e  .Bo^S was I n d lo e t in g  | 
lo w er  z^ a d ih g s than was c o K ^ a tlh le  w ith  a r & tlo n a l v a lu e  ;
. o f  ..Polaspu^^ç. ..R^  T M e zmy ha%' W en d u e , :in P ^ r t ,  to
i n e f f i c i o h t  8tick in ,g .. .of ' th e  gauge».. . G .àleuiatlon@  frosn th e  
.actual, ro&dlhgs-. -of t h e  eom p ressioh  ga u g e  group a r e ,  there»* 
for®:, d@p.@nd.ént on  an .&s8#me.d value; o f  thO: :axla'l gauge  
read in g» . : . . .
8.» . When tor& lon  was a p p lie d  t'o th e  sp e o im e n , th e  fo u r
45^ gauge's.: a l l  In d lo a te d  th e  same r a t e  o f  s t r a in  w ith  
torque- to- GG/S o f  th e  u lt im a te  to r a lm ta l  lo.adlzig' (S e e  graph f
1 9 ,8 )  T h is  waa conti^ary t o  th e  7.0^ ) d lfforen oO ' betw een  !
' . ;
th e  t e n s i l e  and ooaziprosslve 45.° .s tr a in s  ob served  in  th e  
.pure' t o r s io n  t e a t #  (?u ra .# i7»5) - - |'
.The Shear" M odulus ^0  ^ e v a lu a te d  from  th is- r a t e ,  was }
8...41 X 1.0^1h/ln^ÿ w h ich  la . th e  same a s  th e ,.v a lu e  o b tà lîie d  
I n  -simple, to rs io n .»  I '
S'» F o r  a l l  pra.Gtloa.1 p u rp o se is , H o o k e .,l@ w  was c^egied j
d u r in g  th e  h e n d lh g  andj, &.s i s  .shewn b y  th e  torque«*shear ;;
s t r a i n  diagram.,: Graph 19'*5., during, t o r s io n  up to  85^ o f  I
.the u lt im a te  lo.ad.p.. .A, d ls G o n t ln u lt y  in  the. .m a te r ia l on 
th e ..'te n s io n  s i d e  of"-the specim en o ccu rred  a t  66^ o f  th e  {
u lt im a te  torquej) In d ic a te d , b y  t h e  sudden ..change in  th e  
r e a d in g s  .of the. 4.5° gauge.# B os. 4  and 5 * H owever,  t h i s  j
— 6  f
a  p u r e ly  ilo ça l. ...effeetk :'&nd- d id  h o t , a f f e c t  th e  s h e a r
,'Thçi WO: 4$°'/gà% which:,! mhOn_. the: éhear stralm  was 
.applied:,:' wero: s'ub joote^^ stra in s .1% thO: same d lreçtloh
.a#: .duTiing tho Wndlmg.,. . ware .reluetàht' to.: -'oihâmge- -Wielr ra.te 
Of .#tra'ih/0 th e  'flrat-tO r'#0 ' %0::. :^uges:, whloh
Ohffer.!#' %: ohaage .1%: the dlT^Otio^ stra;lh , responded 
i3 m ed l:a te iy  :t.o th e  shçàr": stra in .# . - Thé: phemomenom was 
.probahly .hysteroAl# in  the. .Gonereté;.,. rKther than: in th e
T hé gauge r e a d in g s  from, t h e  t e n s lo h  r o s e t t e , -  have  
..beon e W lu a te d  a t  & .feK t y p lo a l  load.#, t o  g iv e  th e  
:p r in e ip à l s .tr a in s  an.d a lso - t h e  valuer o f  B o isso n  .R atio  ..
B o ls:êo h % :.% tlp :,lm  te n s io n :  ;W .and, a s
t h e  r a t i o  I s - v e r y  s e n s it iv e : :  t o  smaill. :çhamg#s. ,1m' th e  
:S:tralm,. t h e  .oomctanGy o f  .th is, value., :1m .the f i v e
.OalG,ulatloma,:. .Isi: a- m easure o f  th e  #.o:eùrâoy .o f  the. str& lm  
gau ge  readings.»:. . . ..
.The: gau ge#  On t h e  .oo%>re#elOm .-side. o f  . th e  sp eo lm en  
.were very , o o m sls te m t: .^  th e . , to r s io m $ i .loadlmg» A.
Very Im eraase ..Im. t h e i r  ra te , .of' .:8.tra:i%i ..with :load
.w&s' .reoo.rded: whem the,, b rea^  wag e.«WBemo.lmg on' th e
fS’SSO'»'
té n s io m  s i d e ,  Which p O a s ib iy  M d loa ted . a T lse . i n  th e  
n e U tr a i a x i# :-o f  b#5^ . . ' : -
.. no ca lc .tC istlb n #  ^for . th e  .p r ln o ip a l
tW B ilO ' .'Str&lnë on. th e  Go%)re.àBion 8..id.@: a re  r e a s o n a b le ,  
a s  th.0 :. aW o iu W ' V a iu e  o f  th@: axiai/:;St.;r#.W.' f r  .ga.ugo 'EOo.8 
was fo u n d  i n  tW . hendimg;...W /\Th@. 4 5° gauges,
on the,: o.omproBBioh aidO: iM ic .a to d  . S tr a in
whioh. was j s l i ^ t l y  low er, th a n  th e
t.onaion, groùp;^/. b u t  th e  . r a t e  o f  ^ :inGrG'aao: .:of.. JBhoar a tr a ln  
w ith  lo a d  WhS:,;tho s% o- f  o r  b o th  gro.up%;».:./.;,, A.;. ,' .
.The r o lo a so - o f  lo a d ,.. dUO' to  oÿoép ÿ/d U rln g  the. ^  
]B]mutos. :imdo'r .'W fir .à t/'< #À ervéd  a  torque
o f  o f  thé; The. pbOmomehon / w a s : ; us.Of u l .
I n d io a t lo n  o f  Im dlnont fa i lu r e » '  .The. W .ount p r o le a s a
a a . m oasurod b y  th e  ohango :. in  th e „ r e a d in g  o f  .the- torqu@: 
p r o v in g  ,ln  the. T a b lé  b on d in g
moment wa# m a'lntainod .©(matant th r o u ^ o u t / .th o
Bomin.al
Torque
( l b > i a )
:i98S7
20973.
S2I04
R oloaao o f  
. TorqW
..'1800 ' 
F r a c tu r o
TABIE. i9 ..» l E ffo o b  o f  Gro.@.p.
B end ing and
« Author^.a Oomblm^ 
Tes.t».
, «o28X«s> ■
'8 p.. . Thé d e f le c t io n  readings very
satlàfaGt.orÿ:/im 'e i th e r  th®; bending -(^éo-êràp
ë 0 u b t.,\t#  thé ImproViSM^ .û&tur:# o f
9».. Thé maximum, ten#:!!# s tr a in  .réoô.rd 67% x  10^^
.gaug0,»y'/:Hnf:ortùnatelÿ'^/^^^^^
. tenal'io. strain: oâimpt bo; e valuatéd,,;,, as) d is c o n t in u it ie s  j 
\  . im. the m aterial: had d laorganléed  .the #  .on the roso t!^
.bythâ.t:tlËâ:»r:.. -Inthé.puro/tèm B l^
.t^ié u ïtiià a to  tèù s li®  .strain, was.; . %  95 x 10^^
.10.» - .Thorstra-lnà. o f  the- #ev@n )gaugéS:."M
recorded b@for®' th e .sp  fraotured  'tmd^  ^ .load»
Th.@- photograph. {.P.late 19 »8) b.f a  : ëpé.Glmén. .sUhieoted  
tO: a s l jA la r  e b A ln a tlo h  .'O W hdlhg .and tw istin g : moments., 
shoWS.the type, o f"'fr&oturê .obtained.»
1 9 , G ' o m E m i 00B 0.m 0ioB a 0B ' .mE: mmmED..: BmD.iNG. m D
' ' L# TB8T.» . . . . . .i-»7m
F o r  :a.3% .p raG tlô .a l .puzpGsé#.Ëpok%%, ..& obeyed  In
bendln.g..'amd).^ o f  th@. ultlim.t#\'tOr^^
Breakdown: o.omieh^ ^^  t h o  té n s ib û  i'àld'é^ load o
Thla . i s .  'oçntràr^^ :to th e  .5.0  ^ roduG tiW ' ::ih) 't^
^^ h.@:er Modtülus found  .by B .y la n d o r(4 6 }'Œ  b on d in g
moment*... H o w ew r, th e . pre.viouS .loadihg,' M^ . th e
r@ la .tlVO mhgnltu<i.@8 o f  th e  b en d in g  .àiid t w lç t l^
e®,2S2®-»
ancl p o m s ib ly , th e  d ir e c t io n  o f  f l l3 ± n g  i n  th e  m anu faoturo , 
a f f e c t  t h i s  .property*
The; .5hear Modulus, o f  E .la s t lo lty  warn .f  ound to  be .eonsW it 
a t  whlq.h .1# t h e  .s:sum. .#s. . th a t  p b ta in e d  .In
the; p u r e  .to .rsion  tesW ^ .Eence .ah .a p p lied  ;hending/momen 
.o f  ..'5.0^ ' o f  .'the u itlm a t# .. b en d in g . B.trengthh^^ o f  f e e t  on
th@.^  tors..ional .8.tiffn.eas. o f  a .©.onGrot® section.#.
Bolss.oh^.#. Ratio: .fo r  .the- .G.onor0 t 0 :. Ih  tôm.sl.on was 0:655,- 
w hieh . is':. a b o u t W ioe. th a t, obs orvod p r e v io u s ly  
mpres.aiom» -
Bo c r e e p  o f  t h e  O'Ohereto im l o # . ,  was o b serv ed  In  
th e  t e . s t  T m tll 85^ .of th e . moximom! t o r s io n a l '  lo a d  was 
roâG hod, amd t h i s ,  o n ly  appre.G lably. ;a f fe c te d  ..the- r e s u l t s  
j u s t  p r i o r  t o  fracture:*. - - . .
The Bpcclmcn fr& ctu rcd  b y  t e n s i o n ,  a lo n g  #  h e l i x  a t  
a n g lé  m b d ifie d  .from. the. 45° t.crs.lbn :@nglc b y  th e
A lth o u # !  W®: u l t l z m t c  .p r in c lp & i to n m lle  s t r a in  c o u ld  
.mot be Q& lculatcd. from  th®: r e s u l t s .  I t  i #  p r o b a b le  th a t  
I t  wa#'; c lo se ., t o  t h e  v à l^  in - t h e  e in p l c  t e n s io n
t e s t s  oh th i.c  .con crete#
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Th@ ra tio s  -between the e la e t io  moduli and between 
the . ultim ate strains, obtained In the vàiioua. t é ç ta ,  give  
'p artleu larly  w e fu l  In f about the ooziGreta»
20*2 . .EiaTORiqAb TBSTa
An extensive aeries o f tea t#  oh ebncrete epeolmena 
.was carried -out .'by G:llk@y and Vogt .(8.8) a t the Bureau o f  
Reolmiatloh., Dzil.ver8.1ty o f Colorado In 195.4 :ln GOzméGtlon with  
the .construGtiozi. .and the interpretation, o f  . résu lté  from testa  
on models o f aroh ' Dama*.
The dlmeh s i  onà. o f  th e  epeo-imeha.. w ere a s , f  p llo w a  ; «
:.,(&) Oompreesion Speeimena were eyllndo]?#' 5r-ih'» d la .-: x 6 In 1#:
Beam. Speolm eh# w ere .3 In  », x  -$ In  * ;X-40: In  . lo a d ed  a t  th e  
c e n tr e ,  o f  a 5 8  ..in#
) T en sile -  apebimehs. ?f@re .o y lln d e r e  5. ln.e:': d i à .  x  18  i n .  lon g j  
w ith  th e .e n d #  Glsmped in  e p h e r io a l ly  s e a te d  g r ip e .
....
Torsiom  sp ec im en s w ere 3 Im». d l a .  x  18 in »  lon g ,
The o é n e r e té  !^  w ere
B er ies . 1
1  : 5»8S. b y  w-s ie n o f  cem ent t e  m ixed a g g r e g a te  o f  ÿ  I n
m ezim m  # lz .e  o f  oruehed - g r a n i t e  j  w a te r  «oement: .r a t io  -  1
B e r le s  8*,■ ”Vi,’i '’,'-f1T<ri- "I"*—f  "T*
1  : : 8  by  w .e l^ t  o f  oem entj 0 4  stem dard s i e v e  sand^
and ^  In  t o  % :ln.» ,pea g r .a v e l; water'#^ement r a t io . ^ 1 ^  
slump s  7  In *
The r e s u l t s  g iv e n  Ih  Table. 80.*1 be.l.ow, a r e  th e  mean o f  a t  
l e a s t  f i v e  apeolm ons f o r  e o m p re ss iê n , and. o f  two sp eolm ens f o r  
t h e  o th e r  ty p e s  o f  lo.ading.,.. A l l  sp@.elmen8 w ere t e s t e d  w et a t  
88 d ays a f t e r  m o is t  cu r ln g e
k>traln. at: 50) 
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TABŒ 2 0 ,1  . Gomparlaon o f  r e s u lt .s  o f  t e s t s  by OUkey" & Vbgi»gr/sc»gcÆt»Kw4aroa8jiaai«iKTWsgggww»' ^ A ^
. - (28 )
Thé f le x u r a l ,  m odulus /o f  e l a s t l o l t y  was o a lo u la t e d . on 
' .o la s t lc  çsB tm ^ tlon s .from  th® d e f l e c t i o n  o f  th e  . beams., 
s i m i l a r l y ,  th e  f le x u r a l ,  and t o r s i o n a l  a t t a in s  wore 
o a lo u l& te d fr ^ b W d o f lo o t io n m o a s u r e .m e n t# : .: . , .: . , ,
The r ô lo v a n t  o b b c lu s lo n #  :*.
( i .)  The. r a t i o  o f  . th e  t o r s i o n a l  t o  :co%i#re8,si%^ b c W o ^
O*4 ..and 0 .. .5 ,b u .t  th e  'value'; f o r  to r # l% ;# ^  and
to rs io n - t o  to h s ip n  -Is. .p r a o t lo a l ly  -tii,#^ ^^  'Thl.s a g r e e s  -
' w ith  th e  g@hefal;.;ConGlusl.on t h a t  thç.:##nK s^^
. e l a s t i c i t y , b f  10^ l a  eenslblgAth^^^^  ^ com pression;
' . t e n s io n  ,and/fle% ure6.. -' ... : .
/ ( l l j . The: maximim'/tprblonal.^'a^^ tW , m a x im # .#  ehsll^^
d o f  0 1 ^  : : ro u g h ly  th r  @ O':'. t  t h e . ' . s  Imp l e
t e n s l lé /d ë f ù r m  hut. .thls,.l.a\::pro%  o n ly
.the o u te r  8urf.aoe. .i8. f u l l y  stresséd;.#;:-.'. ' :'^
2 0 .5  /^ .A H # 0 Ë :% B E 8 m T a : -
'The'. fo ll-(# -ih g  .spe.olm.ens w ere roughly;, o f  . t h e  same age  a t  
..test., and had.:.hee.n su h je e te d  t o  s im i la r  b e fo r e
t e s t  .:= -' \'
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- . ;l'
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ElaGtiqlty _ 50# ü ltlm té at . _
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: TA%E".2 0 * 2 /.. C ô ii^ r lé o a  ,,o f  r e sù lta .# ^ ;'^ ^ ^  th e  Author*
The abovO; rëëu lt# :. are. expreasoÀ  .t.h#, t o r s i o n a l
v a lW é  f p r  Gompa^ià#;; w ith  th e  exp erim en t# ;-p f/ Vogt
In  T a b le s ' .20*5 .%  .: .
T o rsio n T oreio ii(zoreoLOïi
aomprçé'Sloh I. hen&lng
0*47
TABLE 20;13 of. M oduli :: o f  .E^ from
. .A u th o r # ...% ^
Torsion ... I Torsion. . ', I .. Tmpsioh, ./T  .'To
xie<ay8v»*iAt«fi»i«^wiNi»WRMa»tiMetitN ■ I -rrm-MiTfT—ir.f-n'" ■•■r'^ ' 'Y- ' ■•''•'f^ f^ m'T'‘,rTrt 8 «nr®w»ht~tr>y—r*(a*.--., g ti.ÿ.',tftv^.jw,t»aw.ai3OTarJu.-t:/a«cgitwi».Uag^ t;-j;.ta5a
Tenslom  ; - B en d lh g  ' I Gompr@8:8l.on I Gpsip^tTensllë
»1A" i' *rCTi'iT ii'iT*' r,hfi-iff.tM-.itawjtum.mgvcri.'OUt-J^
2 .7 2 ,20.
! i^ I ^  . 20*4 ., Comp&rls^m o f  th e  B tr a ih a  a t  50# u lt im a te  
lo a d  from  A u th or .^8 'Teste:*
%,* tM e c . r a t io #  w ith  th o a o  o f  ë l lk o ÿ  and 'Vogtp. i t
é'sm 'bé :é# ù , tM .t th e y  are. îh  genoa:^! . âgrG:ëni.en't:*.
2:*. , The. t.ora ion & l d e f  orB^ti.m . at: 50# o f  th o  . u ltim ate^ t o r s io n a l  
load^': ,l8  a b o u t Wlo©:. t h e  t .e n .à ile  s t r a i n  .ob ta in ed  a t  m 
s lm lla r v lo â â . in . b o n d ih g , tenaiG h.
5*  -Tho' .R atio o f  C/%. ean n ot b é  gr.ea.ter' th a n  #@5 jfor r a t ic m a l  
value#: o f  .Poisson:^# Rati.o. (  < r ) ,  eo: t h a t  th e  r a t i o  o f  0».55 
' . between, th e  tor .# lo iia .l and. eompr@.9#iv@ m od u li m ust in d lo a t®  
. t h a t  -e ith e r  th e  o-om prèssion .modalua i s  .low o r  th e  t o r s io n  
modulus. l8' .However, -it. 1$. p ro b a b lé . th a t  .the r a t i o
G/h i #  G.losq t.o G»5 8 :0 . t h a t  the. a v era g e  -Poisaon^.s R a tio  
. f o r  the. o o n o r o te  . l s  @zm.l.l*.
4.* The r a t i o  botw.eem t h e  t:en a i.lo  and oom preaaive: m odu li
:=: l.»29y whlo.h ig: .la r g e r  than  h a s  been  f  oimd. b y  o th e r
. expo t o r s *  :. F or  .ezamplo,: .Ew n# :{25) .,. i8:tato:8:. t h a t  th e  
. .ra.t.lo. may. .#:ry. from  .0*85 t o  1 .1  .E ow ever, a s  th e  ..stra lB s  
.were- meaaured in  .both  te s t .#  b.y meo,hsmiGal and o l e e t r i o a l  
% th o d # , th e -r a tio ..z m  . ^
5.6. -. The ultlma-to': -tensile.: -#tr a in #  a t  fa - l lu r #  ob ta in ed . In  a l l  
to#:t.8 y a r e  . g i  ven. ..In T.hble 9.0*5
90*95
9 0 .9 5
T en sion
am
Remarks
A llo w in g  f  o r  
e o o e n t z i c l t y  
o f  lo a d in g
T ran sverse  t o  
load *
225 143
225 95
63 67 Max* record ed  
under oombined) 
b en d in g  and 
t o r s io n  * 
(P r in o lp a l  
8t r a in s  n o t  
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failU 3?e* )
TABLE 2 0 ,3  U lt im a te  S tr a in  oap aG ity  o f  th e  o o n o re teftl«SC-fip-4aKl r|T»fflWatgW3«g»CT _ » « ' a -
i n  th e  A uthor ^ 8 t e s t s  .
Thé t e n s i l e  s t r a in  o a p a o lty  o f  t h e  p o n o r e te  in  th e  beam 
t e s t s  was p r a c t lq a l ly  th e  same as under s i% )le  t e n s i l e  lo a d in g  g 
b u t th e  t e n s i l e  s t r a in s  aocom panying d lr e o t  eo m p ress iv e  lo a d in g  
were a b o u t s i x  t im e s  th o s e  In  s iiiip le  t e n s io n  b e fo r e  f a i l u r e  
OGGurred,.
Under com bined b en d in g  and t o r s i  (m al lo a d in g  I t  I s  
p ro b a b le  th a t  th e  t e n s i l e  s t r a in  o a p a o ity  i s  th e  same a s  i n  
s im p le  te n s io n *  I f  t h i s  i s  sog th e n  t h i s  may w e l l  be th e  
c r i t e r io n  o f  f a i l u r e  o f  th e  c o n c r e te  *
A P T E R 21
SBMMARY OP 00nCI#8I0E&,
In  th e  fo r e g o in g  c h a p te r s  an e f f o r t  h a s been  made t o  
d eterm in e  th e  s t r a in  c h a r a c t e r i s t i c s  o f  a 1 : 2  : 4 m ix c o n c re te , 
and t o  c o r r e la t e  th e  r e s n l t a  o f  m easurem ents made on sp ecim en s  
lo a d e d  In th e  f o u r  fu n d am en ta l manners o f  t e n s io n ,  com pression^  
b en d in g  and t o r s i o n ,  as w e l l  as # l t h  t o r s io n  combined w ith  
b en d ln gv  T h is has In v o lv ed  a thorough  I n v e s t ig a t io n ' I n t o  th e  
p o s s i b i l i t i e s  o f  e l e c t r i c a l  r e s i s t a n c e  s t r a i n  gau ges on c o n c r e te '  
and h as in  some c a se  s  a r e  ^ s tatem en t  o f  we l l ^
knomi p r in c ip le s "  s im p ly  f o r  th e  sake of{:ob%  new view
:polnto.
W h ils t  some o f  th e  c o n c lu s io n s  w h ich  fo l lo w ^  m ust be  
look ed  upon a s  t e n t a t iv e  u n t i l  v e r i f i e d  b y  fu r t h e r  and more 
d e t a i l e d  e x p e r im e n ts , y e t  th e  in d ica tion s.-.^ re-'/sn ch  :th a t the. ' 
f a c t s  i n  th é  f o l lo w in g  su m a r y  o f  th e  im p o rta n t phenomena may 
be regarded  a s  f a i r l y  w e l l  e s t a b l i s h e d .
2 1 ,1  TEE
1 ,  The t o  th e  t e n s i l e  and eam p resslva  s tr e ss^ '
s t r a in  ou rves i s  a p a ra b o la  o f  th e  form  : -
f  = * c o n s ta n t  (u lt im a te  s t r a in  = eT^
w here * f  * I s  th e  s t r e s s  f o r  s t r a in  .
In  T en sion  3 lnde% was found t o  be 1*15 and 1#S f o r  
o o n c r e te  4 5  and 600  d ays o ld  r e s p e o t i v e ly ,  and w hich  had 
been p r é v lo u s ly  lo a d ed  two or  th r e e  tim es  t o  50^ o f  th e  
u l t im a t e .
In  C om pression $ In d ex  was fou n d  t o  be 2 ,0  f o r  c o n c r e te  
45 d ays o ld  w hich  had been  p r e v io u s ly  lo a d ed  tw ic e  t o  40^ 
o f  th e  u lt im a te  .
2 y Ybung?8 Modtilus o f  E l a s t i c i t y  f o r  c o n c r e te  45 dayo
o ld ,  and p r e v io u s ly  lo a d ed  tw ic e  t o  a b o u t 45^ of. I t s  
u lt im a te  s tr e n g b h . I s  5*55 x lO ^ lb /ln ^  In  t e n s io n ,  and 
4*4 X 1 0 % b /ln ^  In  com p resslcm , S o c k e ts  Law h o ld s  
c l o s e l y  o ver  th e  lo a d  ra n g e  0 /= 45^ o f  t h e  u l t im a t e  *
5 .  The Shear Modulus o f  E l a s t i c i t y  o f  c o n c r e te  a t  50
days i s  2 .4  x  lO ^ lb /ln '^ , and Eooke^s La^ ? I s  obeyed from
.0 ^ '40^ o f  t h e  u l t im a t e  ^
4 .  An a p p lie d  b en d in g  moment o f  o f  th e  u lt im a te
b en d in g  s t r e n g th  d oes n o t  a f f e c t  th e  t o r s i o n a l  s t i f f n e s s  
o f  a c o n c r è te  s e c t io n  ^  and Eooke^s law  i s  obeyed  under
«a 2 91=^ '
th e s e  o o n d lt i e n s  a lm o st to " fr a c tu r e *
5 .  P ol88on*8 R a tio  f o r  th e  45 day o ld  c o n c r e te  In
com p ression  I n c r e a s e s  from  0*120 t o  0 .1 4 2  o v e r  th e  lo a d  
range from  0 =» 8?^ o f  th e  u lt im a te *  Above t h i s  ioad^  
ow ing t o  th e  d evelop m en t o f  d i s c o n t i n u i t i e s  w ith in  th e  
m a t e r ia l ,  th e  ap p aren t P o is s o n ^s R a tio  In c r e a se g  r a p id ly  
t o  0*52 j u s t  b e fo r e  f a i lu r e *  !
In  t e n s io n ,  from  th e  r e s u l t s  o f  b on d in g  t e s t s ,  th e  
r a t i o  i s  0*35  o v e r  th e  lo a d  range from  0 w 45% o f  th e  
u lt im a te  b en d in g  s tr e n g th *
6* From b o th  s im p le  t e n s io n  and b en d in g  t e s t s  th é  t e n s i l e  !
- ,  • ■
s t r a in  c a p ^ o ity  o f  th e  c o n c r e te  i s  90  t o  95  ,% lO"^  *
I t  I s  p ro b a b le  t h a t  under combined b en d in g  and to rs io n ^  
a l  s t r e s s e s ,  th e  u l t im a t e  p r in c ip a l  t e n s i l e  s t r a in  i s  th e  
same as In  s im p le  t e n s i o n ,  so  t h a t  t h i s  may w e l l  be th e  
c r i t e r io n  o f  f a i l u r e  under oompotmd lo a d in g *
The u lt im a te  t e n s i l e  s t r a i n s  aeobm panying com ipressive  
lo a d in g  a re  about 6 t im e s  th o se  Ih  s im p le  te n s io n *
V . In  a  p la in  r e c ta n g u la r  c o n c r e te  beam h a v in g  a d ep th
t o  b r e a d th  r a t i o  o f  2 ,  th e  p o s i t i o n  o f  th e  n e u t r a l  a x is  o f  
b en d in g  I s  c lo s e  to  th e  mid=pdepth o f  t h e  beam f o r  lo a d s  up 
t o  70% o f  th e  U lt im a te ,  b u t  above t h i s  lo a d  i t  r i s e s  to  
about 0*4 o f  th e  d e p th  from  th e  com p ression  s u r fa c e  j u s t  
p r io r  to  f r a c tu r e *
- 2 9 2 -  .
d i s t r ib u t io n  o f  s t r a i n  in  th e  d ep th  o f  th e  "beam 
I s  n o t  p e r f é o t l y  l in e a r  even  a t  low  lo a d s ,  s o  t h a t  p la n e  
s e c t io n s  do n o t  r en a ih  p la n e  on bending* In  th e  liim lted  
t e s t s  c a r r ie d  o u t ,  th e  e t r a in s  on th e  co^z^resslon and 
t e n s io n  s u r fa c e s  were g r e a te r  than was r eq u ire d  f o r  a 
l in e a r  s t r a in  d i s t r lh u t io n *
A t lo a d s  n ea r  to  f r a o t n r e ,  th e  s t r a in  d i s t r ib u t io n  
cu rve was foun d  t o  be  concave t o  th e  n e u t r a l  a x i s  on th e  
oom nresslon  s id e  and con vex  t o  t h i s  a x i s  on th e  t e n s io n  
s i d e ,  th u s in d ic a t in g  p l a s t l G i t y  in  th e  c o n c r e te  In  tens3ai«
8 .  The r a t i o  o f  th e  b en d in g  m odulus o f  ru p tu re  to  th e
u lt im a te  t e n s i l e  s tr e n g th  o f  th e  c o n c r e te  i s  ab ou t 1*4
9* The e f f e c t  o f  r e p e a te d  lo a d in g  o f  th e  c o n c r e te  a few
tim e s  i s  th a t  H ookers haw I s  obeyed u n t i l  th e  lo a d  ex ce ed s
th e  maximum t o  w h loh  i t  h as p r e v io u s ly  b een  su b je c te d *  
Above t h i s  lo a d  th e  e l a s t i c  m odulus d im in is h e s , T h is  
phenomenon h as been  ob served  i n  t e n s io n ,  com p ression  and 
b en d in g  t e s t s *
10 . The lo a d in g  o f  a c i r c u la r  c o n c r e te  s e c t io n  to  45% o f
I t s  u lt im a te  b en d in g  atz»ength f  o llo w ed  b y  u n lo a d in g , d o es  
n o t  a f f e c t  th e  t o r s io n a l  s t i f f n e s s  *
11* Creep o f  t h e  c o n c r e te  under lo a d  i s  n o t  Im p ortan t
below! 70% o f  th e  u l t im a t e  lo a d  o v er  p e r io d s  o f  up to  h a l f -  
an h o u r , in  com p ression  o r  b en d in g  t e s t s *
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12* Comorete In  oom p resslon  un d ergoes th r e e  d i s t i n c t
changea b e fo r e  fr& G tnre* These are  an e l a s t i c  s ta g e  to  
ab o a t 50% o f  th e  u l t im a t e ,  fo llo w e d  b y  a sesal^'plastlG  a ta  
t o  90% o f  th e  U lt im a te ,  when a d i s c o n t in u i t y  In  th e  m a te r ia l  
p r e c i p i t a t e s  fractu rG *
21*2 TESTme
1 3 , The a u th o r  )8 combined b en d in g  and t o r s io n  m achine f o r
t e s t i n g  c o n c r e te  specim ens o f  v a r io u s  sh ap es o f  c r o s s -  
s e c t io n  under pure b e n d in g , pure t o r s io n ,  o r  in  any cozoblna- 
t lo n  o f  b en d in g  and t o r s i o n ,  was found to  b e  v e r y  s a t i s ­
f a c t o r y  In  o p e r a tio n *  I t  o f f e r s  a r e l a t i v e l y  s im p le  and 
cheap m ethod f o r  c a r r y in g  ou t more com p reh en slve  r e s e a r c h e s  
I n to  th e  b eh a v io u r  and s tr e n g th  o f  cb h o r e te  ,
l4 *  The 8Gt-uP %sed f o r  com p ression  t e s t s  may g iv e  an
. e c o e n t r i e i t y  o f  lo a d in g  s u f f i c i e n t  t o  c a u se  a  20% r e d u c tio n  
i n  th e  u l t im a te  s t r e n g t h .  T h is i s  Gonfirmed In  r e o e n t  
r e s e a r o h e s ,  w h ich  showed t h a t  th e  m achine u sed  d o e s  g iv e
low  r e s u l t s  In  com p ression  t e s t s .
'
1 5 .  The e G c e n tr io i ty  o f  lo a d in g  In  com p rosslon  t e s t s  i s
n o t  a p p r e o ia b ly  a f f e c t e d  by  p a ck in g  o f  th e  cardboard t y p e ,  
b u t i t  may be red u ced  b y  In tr o d u c liig  t h in  rubber s h e e t in g  
betw een  th e  p la t e n s  o f  th e  m achine and th e  sp ec im en .
16* The hoop s t r a in s  a t  th e  m ld = h elgh t o f  a com p ression
c y l in d e r ,  o f  h e i ^ t  e q u a l t o  tw ic e  th e  d ia m eter  f o r  lo a d s  
up t o  50% o f  th e  u l t im a t e ,  a r e ,  when m illb o a r d  p a c k in g  i s  
u s e d , abou t f i v e  tim es th o s e  a t  th e  e n d s ,
17* The lo a d in g  p o in t  in  th e  s e t -u p  u sed  f o r  te n s io n
t e s t s  may be o n ly  j u s t  w ith in  th e  m id d le  th ir d  rhombus o f  
the, speG im en, even  when th e  l a t t e r  ap p ears to  be  
s a t i s f a c t o r i l y  p o s i t io n e d  ^  T h is was p ro b a b ly  th e  reason
f o r  th e  v a r ia t io n  In th e  u lt im a te  t e n s i l e  s t r e n g th  r e s u l t s  
o b ta in ed  in  t e s t s  on t h i s  c o n c r e te  b y  th e  a u th o r  and h i s  
c o a d ju to r  ( 2 6 ) .
I t  i s  su g g e s te d  t h a t ,  t o  moke a t e n s i l e  t e s t  w ith  
t h i s  arran gem en t, a  few  s t r a in  m easurem ents sh o u ld  be  
tak en  a t  low lo a d s ,  and In  th e  l i g h t  o f  t h e s e ,  s u i t a b le  
a d ju stm en ts made t o  th e  s h a c k le s  i n  o rd er  t o  c o r r e c t  th e  
e c c e n t r i c i t y *  A l t e r n a t iv e ly ,  a d e v ic e  t o  c e n tr e  th e  
specim en i n  th e  c law  g r ip s  sh ou ld  be d ev e lo p ed *
18  9 The u s e  o f  p r o v in g  r in g s  f o r  m easu rin g  th e  lo a d  in
beam t e s t i n g  I s  a c o n v e n ie n t method o f  o b ta in in g  a 
co n tin u o u s record  o f  th e  load  when s e l f '^ in d ic a t in g  
t e a t ln g m a c h in e s  arë  n o t  a v a i la b l e .
21 o3 OAnOEa
1 9 ,  W ire R e s is ta n c e  S tr a in  Gauges can be  f ir m ly  a f f ix e d  
to  a  sm ooth d ry  c o n c r e te  s u r fa c e  w ith  H igh S o l id s  D u r o f lz ,  
and w i l l  th en  he r e s p o n s iv e  t o  s t r a in s  t h e r e t o ,
2 0 , S t r a in s  o f  1  x  10*^ can he d e te c te d  q u ite  e a s i l y  on
a 1  in c h  l e n g t h .  T h is  co rresp o n d s t o  abou t 1% o f  th e  ' 
u lt im a te  t e n s i l e  s t r a in  c a p a e lt y  o f  c o n c r e te ,
2 1 , The s t r a i n  s e n s i t i v i t y  o f  th e  1 I n ,  B .T ,G , gauges
u s e d ,  w as found  t o  h e  ab ou t 5% lo w e r  on c o n c r e te  o f  -§ I n ,  
m azlm m  a g g r e g a te  s i z e ,  than on s t e e l  sp e c im e n s . T h is  
was p rob ab ly  due t o  th e  In c r e a se d  th ic k n e s s  o f  th e  g lu e  
f i l m  r e q u ir e d  f o r  s t i c k i n g  t o  c o n c r e te ,  a lth o u g h  i t  m ight 
be cau sed  b y  la c k  o f  h om ogen eity  o f  th e  m a te r ia l  o v er  th e  
gauge le n g th s  u sed  f o r  th e  m eoh an ioal g a u g e s ,
2 2 , T h e r m o -se tt in g  a d h e s iv e s  are  d i f f i c u l t  t o  u se  on 
c o n c r e te  sp écim en s ^  a lth o u g h  I t  i s  p ro b a b le  th a t  a technlgae  
c o u ld  be d e v e lo p ed  w hich  w ould e n a b le  m easurem ents to  be
ta k en  on damp c o n c r e te  s u r f a c e s  6
'
2 3 ,  The n .P . l o  ty p e  2000 ohm B .T .G . gau ges e x h ib ite d ^
i n i t i a l l y ^  a r e d u c tio n  In  resM & nce when su b je c te d  t o  
sm a ll t e n s i l e  s t r a i n s .  T h is may be a p r o p e r ty  o f  th e  
Elchrom e gauge w ire  g b u t th e  phenomenon w arran ts f  u r th e r  
d e t a i l e d  I n v e s t ig a t i o n ,
. «4 2 9 6 ^
2 4 . A uew th e o r y  o f  th e  o p e r a tio n  o f  a s t r a in  gauge
has been e v o lv e d  whlch^ so  f a r  a s  can be a s c e r ta in e d  ^  
shoWs th e  o o n n e c t lon betw een  th e  m&jor v a r ia b le s  In  
th e  problem  o f  s t r a in  tr a n s m is s io n ,
25* I t  I s  desl3?ab le  t o   ^e x e r c is e ^  th e  ^ n g e s  b y  a
p r o o f  lo a d in g  o f  th e  spaclm en^ b e fo r e  em barking on & 
t e s t  progr&##e t o  b r in g  th e  gauges t o  & c y c l i c  s t a t e  and 
8 0  r ed u ce  Zero d r i f t  .
21*4 F m A I OB8ERmTlON8
To sum u p , th e  i n v e s t i g a t io n s  have j u s t i f i e d  th e  
u se  o f  G le c t r i c a l  r e s l s t a n o e  s t r a in  gauges on c o n c r e t e .  The 
gauges have made p o s s ib le  th e  d e te z ^ in a tlc m  o f  th e  s t r a in  
c h a r a c t e r i s t i c s  o f  a c o n c r e te ,  by m easu rin g  th e  d e fo rm a tio n s  
ov er  a s m a lle r  a r e a  o f  s u r fa c e  than h a s been  p o s s ib l e  in  th e  
p a s t .
I t  I s  g e n e r a l ly  r e c o g n ia e d  th a t  an e x a c t  know ledge o f  th e  
b eh a v io u r  o f  p la in  G onorete i s  e s s e n t i a l  i f  a r a t io n a l  m ethc^  
f o r  th e  d e s ig n  o f  r e in fb r e e d  c o n c r e te  i s  t o  be found* The 
in fo r m a tio n  p r e se n te d  In  t h i s  t h e s i s  and sum marised In  th e  
above c o n c lu s io n s  w i l l ,  i t  I s  h o p ed , le a d  t o  a b e t t e r  u n d er­
s ta n d in g  o f  th e  b eh a v io u r  o f  p la in  c o n c r e te  under v a r io u s  ty p e s  
o f  lo a d in g  a n d , a t  th e  same t im e , s u g g e s t  & number o f  l i n e s  o f  
r e s e a r c h  i n  w h ich  th e  e x i s t i n g  kn ow led ge I s  e i t h e r  s t i l l  In  
dpubt or  G om pletely  la c k in g .
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1 9 .3  T orque*8hear S tr a in  C urves under a c 'on stan t B end ing
(COEiblned B end ing and T o rsio n  T e st  by A uthor.)
LIST €F mOTOemPEIG PLATES
7 .1  The S tr a in . G auge-Set*
7*8 The S tra in  G&uge S e t ,
13.1. ' Tension Specimen A^*
13*8 T e n s i le  T e s t in g  A rrangem ent.
14.1 . Compression Specimen
1 6 .1  Beam T estin g - A r r a n g e m ^ t..
1 6 .1  Combined B ending and T o rsio n  T e s t in g  Arrangom ant,
17 .1  The Strain"Gauge R osette on SpeoljGien
19 ,1  Specim en ' I n . th e  Combined B ending and T o rsio n
M ach ine.
19*2 T ypical Fracture under Co.-mblned Bending and T orsion ,
ApgfBd.te_ I
WIEB BiaSSgBICAl. KBSISS&MCB Sg5&lE . S&gSE3 ;
gEBOKEglGAI. ; S E gg lT IM T T  FACgOR. -
Hie res is ta s ie s  ef a asilform wire i s  glvea by
:  ' ' %  =  ' - ' : '
where p -  the s p e c if io  reslst& noé o f the ma&terlal
' o f th e  wire*.
. L s  the len gth  o f  w ire
A æ th e  Gross soG tional a rea ,
This .may be. w r it t e n  '&$
, Log R a  vLogp.f  ^ Log L = Log A 
&E . dp &L dA
B u t ^
whore (T -a .Pols R atio of the w ire ,. -
Hoho.e l o t t i n g  s t r a in  e  -  . ^
   L
. ' . ' . .. 1. '.-..:. . y . 1.-;:? ■: - ■ -     '.... ...  .......
B tr a ln  # é h s l t l v l . t y  F& otor -  ^or
. . . I f  th e s p e o lf lo  . r é s is ta n c e  o f  a n o tà l .was/.lndopeDden
of s tr a in  (loOa ;= 0 ')\,.. and .assuming th a t  -Poisson Emtio
P .-
fo r  a f in e  w ire  la ; t:he same as fo r  a. ..largeÿ ^ie.ea o f th e  
same m a te ria l tW h ^ f  o r a m etai. (T : '
8 tra in  I t l  v ity  % 0 t o r = I  t  cT: . ; .1.6.
, Eowovor^»: th is  Is  not ao a s  may he seen in  the $ahlo 2 *1  
where. th@: otrm ln .o o n o ltlv lty  fa o tb r varloe from  «12 to  
.W t fo A m z& te ly  th^ fk o to r d'oes remain oonslh ly qoiistamt fo r  
a Gonaldorablo range o f s tra in  so th a t \th e  . y & ria tlo n  o f 
s p o o lflo  roalataiiG o w ith  .iRtr&ln mnat he U n o a r*- A l l  m etalo 
In. the ..pnrely p3##.tla : s ta te  do n o t ohange th e ir  .sp ee lflo  
.realet&noe w ith  s tra in ^ , and. hmoo the 'sha^e' o f ,the s tra in . = 
rat@ of eh&nge o f s p e o lflo  reals tan oo  Ghry@g. mast be as sho"^ 
. I f  3ol8.aogi^8 B a tlo  r ^ a in s  o.onst&n.t o .
I
S.S.W ,,< .1 * 2;
g ig .  2 .4  V ariation  of S peo lfie  Realstanoo with. S tra in
Appendix (G ent *')
The Polsson*&,Batio of i5 l a  th e
plaatlG region g so that tho strain sonsltlyity faotor for
a l l  maiG! tSeO
wo'&asf
I I  ' . -
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Specim en *
D e ta ils .
flj & , : S
Ganges
Glue a 
0 o%0re 6 8 omet er
5 i n .  d la ,  by 10 in .  h igh  een erete  
G y lln d er  s e v e r a l  months- e l d .
N . P a l o  realm  Im pregnated 2500  ohm 
g a u g e s ,
9Durofi%f
(^Eamlltm * la s t n m e n t  @
!^08tlng Maqhlneq: B ié h le  10.0^000 l b ,  T e s t in g  Maehlme.
T ea t « r ig . % e a ts tô n e  - B r id g e  O lr e u lt  
A b str a o t  .of R esd lp gs (P lo t t e d  on Graphe 5 ,1  and 5*2)
, a j n j l l )
E le e tr lq a l  
M easurem ent8 '
G om pressi#! Gauge T e n s lm  6&%ge.
S tr e ss
..lb., .
Meohanloally
Measured
s tr a in .
'  . X 10 5
B.lee t r l  o&lly. 
.Measured 
W x  104
€i
. 0 .0 i;, 0
.211 7 » sr  :% 1 » 1 .18
455 17.5 , » 8.65
654 85.0 » 5 .9 2 .
- 909 35.66 6*88
1176. 43.56 -.8 ,2 .5 '
1450 ■ 61.85 / ■ -10.22
1687 60.00.,1 .18 .35
.2020 69.50 -16 .1 0
1554. 6 2 .0 0 -18.76
1280 67.67 -11.57
1017 50.81 « $.*43
8B7 37.67 — 0a2B
529 31.12 - 4 . 7 2
0 . 18.18 -  1.78
Sfersss:
.m*
-Elect rleaHy
: Measured
10^
______
0
494 /, .r '  ^ 0*69
:mio '
166^ : : * 1,67
.1961. - * 1*67
1625 ; 'i' lo67
1025' . - 1*10
/ 5 07 : - ' 4 0,79
. : ; -i- 0:,59
Wete was th e f i r s t
t e s f  ;%th,;,the. gau ges on 
é(mqre:te.::-and th e r e  were  
therefore-n on e o f th© 
refinem ents o f th e  la t e r  
t08tm »v
. DBTAim Œ APPAmTHS:
The d e t a i l s  o f  th e apparatus were :«
PoBt O ffice  Bo%.
(For o lr a u lt  dlagz%m s^^^ F ig ,  7«$)
Maker .* , , ,  * ,  Gambroll Bro8,& 0o.el*td.,;j,. Pattè^OSê MoAl
Range (as used) $ , F ixed arm 10^000 ohms
V ariable aim » 1 to  11»HO.; ohms
by Inorementa o f  
1 ohm.
oàoh o o i l  to  0.1^
A oheek  on thé:, v a lu e  o f  th e  . f ix e d  '10.».#,00 ohm r e e ls t a n o e s  
^revealed t h a t  th e  l e f t  hand r e a ls ta n o e  was a q o u ra tey  w hereas 
th e , r ig h t  hand rôsl^.tânG  was in, .error  ./^  .. H shown in  th #
F i g .  th é  l e f t .  .h^nd r e s ia t à n c e  was . i n  th e
s t r a in  g a u g e :s e t*  -.
G alvanom eter ' :
Type.. . . , .0 .  o.. .R e f  l e e  t i n g  beam»,: m o v in g 'o .o il
" ' .. ga lv a n o m eter  #... ' y
- Maker . # # . Mareonl. I n s t z ^ e h t  0.0',^ ^
. ,  #. .* 1500 ohnia (nom lnàl.) #::::.;:r^^
14 d lvs/m lG ro . amp.* ' . a t ' - r a d i u s  
( ld lv :: ;= ] /2 .0 : in e h i.')y ^ y
F e a tu r e s  @ . :$ ( i )  A sh im t . i s  .InG orporated .in th e
In stru m én t^ v & ria b lé  in  s t e p s  
- 1  : .10 f /l./zV l00:,. l .  s 1000 & s h o r t
(11.) A. tr a n sfo r m e r  i s  ln.G.orporated f o r  
th e  galV an.eW ter l i g h t  from
® C..«* .
(311) An .ad ju stin g , knob Is, provided, f o r  
s e t t ln g o
sadvaiitages. (1 )  The sh u n t sw itch.. I s -  to o  s tr o n g  @e 
th a t  th e  galva& hm eter 8 ér#  l e  
d is tu r b e d , by
( l i )  Four ru b b er .pads a re  p rov id ed  ms 
. f e e t ,  hence lh .g e n e r a l» . t h e  
ga lvan om eter  i s  n o t  f ir m  tm le a s  
wedged*
(H i) Duàt AQan'téoy é a a lly v  emt.er th e
.'movement.*..';/:./::..:.''^
R otary Stud ^ I t o h  . - . . . ..
M.ake.r ,  ... ... M ulrhead and Oo. Ltd*
Type # ... *. .# , (D: 2B5 A) 4 p o le  sw lto h  24  s tu d s
s p r in g  Qopper. B la d es
U m n e e t ln g  ..Pegs
FIG.* 7 ,5  R otary  8-tud S w lto h j:ontaei:8
mi
The é w ltô h  o p e r a te s  th rou gh  pressure": dhhta.ot a s shown.
ehanges :in. p o t e n t ia l '  a.re- aa.sumed t o  be. .n e g l ig i b l e  @
es>
Appendix I I I .. ( q m t .« )
R h eo sta t8
Tybe 0 ,  .  . ,  .  .  W ire wound p o te n t lo m e te r a  0«5G ohms .
i s r  a ia *
D isa d v a n ta g e s . . T hese were o f  poor ç o n s tr u o t lé n  and w ere
n o t  v e ry  s a t i s f a c t o r y * .  The c o n ta c t  wee 
n o t  f ir m  and t h e r e f o r e  th e y  w ere e a s i l y  
d is tu r b e d *
H ea tin g  B oalatahG os
Typ.e * @. *: * * * * Wire: wound p o ten tio m eters: 0«25O ohms «
Thaoe proved q u i t e  s a t i s f a c t o r y .
M lll la in e te r
* .  *: *. *\ * ]^Gvlng c o l l .
,* .. , .. .. ,0:;*50:mllllmiip8 » v^e&ding. t o  + .1  .m illlam po
W ire
Typo: *. .. ... «. . ,% l t l« s t r a n d  tinned- oopp er w ire»
p l a s t i c  .covered  0*5 mm* w all.»  .1*1 mm.Ocdc
.Maker :* }* , .. .. % ra.tmbe .and Wire, p.o Ltd*
H o ts  *. * .* ..* * .* ....T h is was :obtalned. In  2 G olonra f o r  e a s e
o f  t r a o in g  G lren lta * : More o o lou ra
. Would have been  u s e f u l ,  but. th e  su p p ly
p o s i t i o n  .made t h i s  o u t  o f  th e  q u e s t io n  
a t  th e  tim e*
B att e r y
Type , , # .* *: * * Bver«Ready 155 v o lt* . E*T:* Dry B a t t e r y .
Mote * :* *. .* * » * Emaerous ta p p in g  p o in t s  w ere p ro v id ed
w ith in  t h i s  v o l ta g e  r a n g e , and t h e s e  
.proved  m ost c o n v o n le n t  . when o p e r a t in g  
th e  s e t  w ith  gauges o f  d i f f e r e n t  
r e s i s t a n o e  o*g» 800 o r  8000 ohm.
w'S'^
o o o o ;
ooô'i
001
oAi:WGimTER. D B P iaoT iw  F o m w m  
The m agnetlo  I n t e n s i t é  &t t h e  c e n tr e  o f  e r e c ta n g u la r  c o l l  
I s  d i r e c t l y  ^ r o 3 )o r tlc n a l to  th e  nm ibcr o f  tn i^ s  p er  u n i t  a r ea  
o f  crp8:s s e c t io n , o f  th e  e o i l ,  ..
. 'If th é  th ic k n e ss , o f  th e  InW lm .tlon  i e  .n o g l ig lb iy  s s m ll  
.and th e  sh ap e  and the; volume Of th e  c o l l  a re  Unaltered..^ th e  
number o f  e o lla g . and thez^ fO re th e  le n g th  o f  .i;?lr@y:. I s  A v e r s e l y  
nroport.lona.I t o  the. cross: a e c t .io n a l  .area .of. th e  'w ir e . .
But R oa la tan ce  oc
and volim c len gth  x area x cehataht ,..
Eence Resistance oc length^ -  (hmib.er of tnm:s )'^
. dumber o f  tmrn.e oc y o a lv o  Bcsiatenco.#..
_^ o that».: In .galvanometers y thé .co ils  of # ilc h  arc/. wotmd 'in 
sim ilar Ghannela. mid., contain the: same .mass: of w lref the 
electro«magnetic .force on the needle^ and ther.efor@ the 
doflec.tion g ic:. proportional to  the chrrent and to the square 
root of the .galvanometer reai^tance:*
where % c o n s ta n t  o f  ga lvan om eter
m m w i #  W  OIRCTTIT a S IT IV IiT Y  FOmnLAE 
(a )  S é n a lt l ' ÿ i t y  III o f  Q alvanom eter o w r m it .
b
W@ Ga%g^) (Dqm
m ^e VI
a
0113 %T»A I t â m
,3. : Whea t  8 ton  I
/G W sidw lD G  .G.lWê^ ^^  o f  th e  nei^eoæk ahom s. :
a , b f d .  
b ,0:,d *
E c, i^ .)R  .^^  iB
0 :  ^ , l ?  4 1
w hleh may b e  re= '#rlttom  aa :'
M g  B I t  (I) -K R ) i  =: E .
4- G l_ 4" 0,1 4.' (p  4^  Q )1 =: 0 .
. &  ' - . ' ' ' ' . '
.= CR + S: i- S ] i„   ^ S I + (H + 8 )1  ^ G
A]3P8Zldl% V (Copt:,
-Eeiioe -.a-
B
,R
■XI®
(p 'i' E )
CP ,+ m
CR 4 s )
CP T- R)
P + 0 }  
:R + a )
'Éimer&tor t= E -h & (?#)%
I Y J
. =" E ;j(8 p v ^  OR) k:  ' :
yC J . : ,
l% w -jr . =: 0;g.,' 's?hl@h' is- :th@ . %#ual f o r  .bal^^
.0 ■ • y - ■ '
;b r ld g ê f  rbh^a
8 «P <? 0  »R ^  0
o ^  'th e  w ë l i  '&ibwn
When Pg) haa dhàn g$d to  PQ-*' dP 
Then num erator
:=: . S a .d P  
D enom inator . . '
■=® 4G:(K"^ S-) 4(R"K^ 4-0) C P"»'tQ.)j+(PtR)j-GS.% (R+8+@)j
a ( H+S ) «ES,( P4Q ) »BSC R+S ) «Bff{Ï-HJ } =B ( R+S) { P+Q] «03 C P+K:) -Q ( P+R ) ( R+S 
. ‘ ' : <^,S-(P+S)
gI b { R+S-fP'S-a } | ' «sistP-f-H  ) -K-l ( P+R)| «Bi S-!-S ) { ? « i )  +E%+Rq8«R8p«R.8% 
i  J i  J o '
-PEa-S!4i.E3Q .B3U . .
IF ( O ^
Assum ing E 
Then
th e  b r id g e  l 3  n o t / ^ e a t l y  e a t  
e f  b a isn o e  *) .;
dem'êmlnatop
®rs[BCP-S'a,+M]+Cs«4) c:p+H| -fB( Ri@) c?4q)4i@ p4faï+ga% +p»^
« fG|B{P-î-Q+E+B);+{S-i$) '^4'W 3 'l'O.
'SÜ
dP
:8 a b 8 t lta t lB g  f o r  . „ ^ . .
.&P
ji "4 { .HtS J i 0  C H
e q m a tlm  '8o5S'
::We; g o t
p =;
Eon» S f é a l
_  , I k  P  8 E v r  :
J T  " }| | | a ; | ^  (fiQ+R+à ^ +C Rtà } p { # ÿ | 0 # 4 %  I
# # -
Eqn.' Bg4
Gange. Onr
,in: o f  gang® Gnrren^y:;#
:/%r r
.T o ta l R o sla ta n o e  o f  /G lron ltv :  
T otal roslatanéG  o f  . G lron lt = .4  ^ B :
E iM - iq + s )
118    .iC p+s) (%+s Î +B ( p+a-tqtsx C p+b-hX+s )
= 1 5 *
D i'ïld în g  both  s id e s  o f  e q u a tio n  b y  S (l+ £ )+ (P -i^ )
■ s ( q  + 8 )
R J Î .S . = |(P-fH)(Q;-fS)+B(F+R-K4+S)| |e (£ ^ )+ (P - fQ )
' ' 3(Q  + S)E
-  4(P+a)(Q 4a)+B(P+IM (+S)) j@(P+E)+R(P4(i:
BR(4 + S )
" S{ P+H) (Q+S ) ( P+E) +BS( P+H)(îH-IHa+S ) 4R( ?4q )(P+R)(q-:-8 ) -s-BeS C  P+a+H+J:
Assum ing t h a t  P. = P^ and u s in g  th e  fo l lo w in g  e q u a l i t i e s
P + R Q + 8  
8
R t  8
. O' . , . . B
t h i s  e x p r e s s io n  beeomes
■*e«»gt:g3;îi3-a-rr»*",T*.-Tf.ccttaKcâe3aeC)»*aàrarftetct»gfnfrTC^.^VtteJ»»=»e»^^
#S> ^  A<3b ^  ^ s|{ P+R) CQ+S| +B{P+(J+E-i-S )| +( R+S )Ï4C P+H)+B(P+K)|
s e e  Eqn* 8*4*1
L*E*8 .
-Hence c lp e rd t s e n s i t iv i ty ,  P » |§ . == k  P J l
d P  '' dP
^ T T  = (1  + I F an- 8.G
"=X'&«=>
Appendix V
r&rlRtlon zn th e  c lr o u fsi«sr=isK=SKat«s<SiC
4 .  i^hen th e  W lv e a e m e te r  r ë e ls tm ie e  I s  ep tlm m *
w . c=AM»*«=)^a%=3@A:« » «jMaK;g3wTa3CA( ,&g3e=«wi(:>:?3ffd»*3gaaaMag'n%!zrç a B3:yp:T&L :a K:r9A..^ .j?%py»f Tgtfnn.-.i' i:r 'aa%'ging a j a tg\'J’ii^*:^-*;wcTas»Bgsa'T<«i«>?r'.«‘.'fl-8aa»qsï^tg r sa.rsy-
Eqn* 8.0 6*4 g lv e e  f o r  P s  R
w a i l t lv l t y  3 ^ • «iwïiiâaJiiiirïî^ iiUffl'aiacaaïaàas^CT.'StBcaïSsstsî} 2  +
w hich  may be arran ged  me a  V5 8:2m%.
o r^P » * @ 5%0
0 . 7 #
1*752 G.S7B
2*46 0 .4 0 8
5 .5 2  . | 0..602;
4p68 1 0 .2 1 8
6 .0 0  I 0 : . l #
7 a 4 ' . 0*140:
. 8*00 0 .126 '
: 9.^00 O ^ Ill
m .0 6  . . 0 , 0 #
t:s=ws.-Kra»ixs*nrwoKas>
Graph: 8  @8:
A p p e n d ix  J g l
- PEBDIMINAm' qm PB E SSim  TE8T R o .2 (e }  .
'D e t a i l s  V . ;
2 0 th  F eb ru aryg 1948D ate 0 ® .9 « 9 a ®, ®
Bpoolmen . a * « 9 5 in c h  d l& , by 10  In ch es  h ig h  
concret@ cylin der. Age 18 months
. . o N . P . l .  r e s in  Im pregnated. 
P s  1189 ohm g a u g e .
Gauges .. .  .
Cement * . ,. . * . ,*. Bhollao dissolvecl In methylated
T e s t in g  M aohlne .
E l e o t r l e a l
M eaguroments
__   —  . ii
s p i r i t s *  (A p p lied  1 4 'd a y s ) .
R ie h lê  1 0 0 ,0 0 0  l b .  T e s t in g  M achine
M u lt i=8t r a in  gauge s e t .
(Gauge- current 2 5  m lllla m p s  , )
A bstract o f Readings (P lo tted  on Graph 9«1)
%n (1) % s  9115 ohms*
Doad
(lb )
3tress„  
lb  ./in "
Resistance 
change 
dQ. (ohme )
. s& X 10^
Ô 0 ■■ ■ 0
' 5730 ■ 292 = 1. .'M:
-10040 530 . = 5
14400 : 734 = 5 ' 5:^/
17920 ; 915 ™ 6
82400 : 1141 = 7 - V = .7:V7
26870 1370 = 7 : -  7 .730640 1562 = 9 .. = 9 0:9.
22200 1130 '  = 7  . . = 7*7
.17064 868 = '6. v_
131B0 669 ^ '4.
6080 000 : = .8:. .
0 0 Ù -
J
A ppend ix  ^
-  9115 ohms
■5S5æsrvmo3s»2icas5i.'t3au«jitsa:aMis9»«#«’b«^î
b
êsonasi$i=2SCiidissOTXî
0
6 4 0 0  
10760 
1S790 
20460 
• 26250 
29090 
23200. 
18330 
11800 
,5020 
0
stream
lb/in'=^
a>itettCi>6i-aEessu‘««si
386
548
804
1045
1887
1481
1181
9#5
601
866
R e s ls ta n o e  
Gh&ngG 
dO,. ( ohms
:instM£iSiX-J
r y  r ,
11.0
9
(1 1 1 ) Q:. -  9116 bhme
fcttSSsSLSsswji:
AjC
2670
8040
12750
16890
21596
25750
50780
22100
17640
fi
S t r e s s
X l3 ./ia
• 0 
131  
409  
.648 
860  
1100 
1311  
1568  
1185  
888 
522  
296  
0
R e s is ta n c e
lanfpf!
1
3
5
6<
8
9
.0
iMtziti^y^*^**^wv±xd:a*ryau3cxC3!A te
a 10 '
SjjMjeastsaxsiRs^a^ teaoa»n.te»asymo3catt«‘r;. ,.rrTf,tzj
3*3  
5 .5  
7*1  
8*8
11
o @0
7*7
5*5
3*3
M ote:
n n v a
e r r o r
c a r r ie d  ou t w ith  a low  s e n s i t i v i t y  T in s le y  R e f le c t  
so t h a t  no I n t e r p o la t io n  was req u ire d  . . Mo- z-ere
was ob served  on th e  g a lv o .  a t  th e  co m p letio n  o f  th e  t e a
m g
.17<
Appencllzc VI%
PRBLnîMAKr GOHPRBSSIOH 'm S ’S .  Mo.S(d)
D s ta llaxtHtsx^HS*
jDQ. I50 o » « « « 9 ,S
Specim en
2 0 th  Pebm&rÿg 1948
Gange 
Cement
a  9 «  -8 e. © »
T e s t in g  M achine,
E l e c t r i c a l  
M éaani^ments* '
5 In ch  d l a .  b y  10 in c h e s  h ig h  concreW  
c y l in d e r .  Age 12 m onth s.
M .P.D . r e s in  3 
P s  1304 ohms .
S h e l la c  d is s o lv e d  In a l c o h o l .  
T e sted  a t  10 d a y s ,
R le h lé  lOOÿOOO l b ,  T e s t in g  Machine
M n lt l= s tr a ln  gauge s e t .
( Gauge c u r r e n t 23  m lllla in p s  ) .
)8 tr a c t  o f  R ead ings (P lo t t e d  on Gi»aph 9 .2 )  
Run (1 )  ^  s  9988 ohms .
S t r e s s R e s is ta n c e  
change  
dQ (ohms
l b . / i n
0
268  
527
'YY
1302
1367
Ï68B
1031
670
542
5260  
10360  
15240
51120  
20210  
15170  
6690  
0
tS3 O
V II
Han (11) (
—  -
\^tr088 m- R@8l8tailG0
clQ' {.oÈsse}
.' ^  % io ‘* 
Q
r  
! 0 0 - G :
60S0 310 = .1 . -  % .
.10280 . 583 . - = B O
- M98Ô 763 ™ 3@5 = ù ■
194.40 . 990 . - «, 5  . ê  5
1858 “ 6 «*» 6
: .28440 1500 * .7  ' . _ «* 7
8528© . 1888 ' m 6 BE> S;
17750 904 « '4 w 4
564 M 2 ' = B.
: ' G 0^ 0 0 \
Appendix W.II
PIOSLmimARY TE8T H o^2(e} 1
D e t a i l s  : . . '
DaU0 Ô a o * e e * *
8pmd Imezi
25rd Pebrua ry  ^  1948
e  a . O ' 9 (j a
Gauge
Glue
T estin g .M a ch in e  
É l e o t r l c a l t» 0 # &Moaau remen t  a 
A bstraet pf  Readings  .(P lo tted  on Graph " 9 .3 )
= 9982 ebias .
5 :lnoh d i a .  by 10 Inehee h igh  
Gonorôte c y lin d e r . Age 1 8 .months*
M*P,D* realm  Im pregnated  
?  s .  1303 ohmc* .
H igh S o l id s  D u ro flx  ( 1 * 0 .I* g lu e
^0*5402)* T est a t  3 d&ys*
B leh lo lOOfOOO lb ,  T estin g  Machine
M u lti« stra in  gauge 8@t 
("gauge current 16 m llllam pa)
Dead - 
( lb )
S t r e s s .  
I b . / l n ^  ...
R e a lsta n o e
change
dQ ( ohms)
^  % l.o4
0 0 . ■ 0  ■ . . 0
6460 329 = 2 2  .
9120 464 « 5 = 5
15610 ' .6 9 4 « 5 = 6
20610 1051 . ™ 8 « 8
25470 . ' 130  .0.. «> 9 d 9
270%O . 1408 « 10 & 10
88130 . 1155 - ^ 8 C3 3
10570 " 558 = 4  ' = .4
6180 5 1 5 *, 2 \ .« 2
0 .: 0 0- 0
^ m § s § ix _ :M  ' . '
.?Hai,BmARY- OOHFHSSSIOl ÉS8T M & .S  (eX l l
D e t a i l s
Date * .. , ,  . ;* 8 th  Mareh 1948,,
, As fo r  Test I I , (é ) 1
Bpoclmén,. gauge * 
T e s t in g  M achine
Glue , .  ,  * . ,  High. 8 o lid  8 .  Dur o f  1% ( I .  G, I ,  Glue
H o,5 4 6 2 ) ,  T ested  at. .16 days .
j$leo.trl.Ga.I
M easurem ents ,
M eqhanioal . 
E zten sém etor
M ulti=8train  gauge s e t ,
( Gauge é u r r e n t  24. in illia m p s
 ^ f  Hamilton» 
A bstraet .of Rcadlngg. (P lo tted  on Graph . 9 , Î 
Q = 1.0y .O18 ohma ..
I,o&d.
( lb )
S tress .
Ib . / ln ^
Resistance 
eh&nge 
( ohms )
X 1(# Mochunlcally . Measured 
Strain.
X 10^
0 : . ., :0 A.; 9 ■0 'A. : 05500 B80 ' 2 i .  ^ ' 0 ,7
9770 .49.6 ' 31 ■ # 1 ,5
: 14850 .726 . . 4 : 4 . 1 .9
18800 956. 6.§- : ' 5$ ' 2 ,5 .
. 24.10.0 . . 1826 . 7& 5 .2
-. 28260 1440 8 ' 8 5.*8
55260 . -  .16.91 9 t '.- 9è ■ . 4 .4
25590 : . 1500 ?s ■ 7 f  ■ 5 .8  .. .18000 . .917 .. e f 5 l 2 ,8. 14080 .716 4f 2 ,5
6570 524 g* 1*1
.1670 . . 85
à *
o.,&
© 0
_  . ^ _ . j 0 , 8  - .
^^pte : The Tl)i8 l 0 .y r e f le c t ln g  galv&n.{metor u sed , and w ith  
th e  gauge curz^ent Im oreased to  24 .m lllià m p a , I n te r p o la t io n  w&s 
p o ss ib le , t o  ^ ohm.
ê s s s s ê M . I  , ,
PBELDWAET GOMPEESSI.e::? 3ES3 Bo;B (*) 111
D e t a i l s
D ate ■:» ■«• ® .« ■© ® ®.: 1 5 th  Mspch x94S -,
Data . . *  . , * . . . aa p e r  T e st  2 (@) 11
Gx(ii@ & « « «. '«: 3 .» L’âo Cï.&iy?3 ©ici, ®'
A b str a c t  o f  Readings: (P lo t t e d  m  Graph 9 ,5 )
l a t  Run
Q. ohm,
CJayniM ?«î JgtïCyzÆ'S;
Dead, 
( l b )  .
S tr e s s^
l b , / W  '
R eslst'an c-e .
change  
dQ (ohma )
- ^  % 10^ MechaDliGally . M8a.8ured 
S tr a in
X 10^
0 0 0 ■ ' ' 0  ■ ■ „ 0
4690 .859 1 .7 1*7 0 .6
8260 . 421 5 .4 . 5 ,4 1 .5
18470 ■ .656 . 5 .0 5*0 1 ,9
16510 841 6*0 6*0 2 .6
8:1250 1088 7 .5 7 .5  ' 5 .2
85770 1515 8*7 8 ,7 ' . 5 , 8
80200 . 1540 1 0 .1 10*1 4 .4  .
21000 1070 7*6 7*6 5*5
13000 665 5 .1 5 , 1 8 .5
9900 504" 4 ,1 4 . 1 1*9
5980 505 2 . 6 9 .6 . .. 1 .2
4360 ..219 .1*9. 1 ,9 0*9
1750 89 . Dv9 0 ,9 0 , 4
0 0 0 .4 0 . 4  \ . O.B
App en d ix  % (Gent*
2nd Rum:
Dead
( I b j
S tr e s s R@:8l8tanGe
Ghang©
( ohms _)
^  ' ..X .10^ MeGh&nlG0.13y
M easured
S tr a in
X 1.0#
G G 0 . 0 0
2440 184 0 .9 .G.g 0 .3  -
6500 531 8.4 . 8 .4 . .0,9
10850 555 4 .0  . 4 ..0 - 1 ,6
14860 758 5 .3 5 .3 8 .8
19450 991  . 6*6 . 6 .6 8 . 8  .
23890 . 1818 7 .8 - 7*8. 5 .4
8.8100. .1431 9 ,0 9*0 .4 ,0 '
58840 1674 1 0 .4 1 0 .4 4 .7
86540 / 1341- 8 ,6 - . .8*6 4 .0
1 8 # 0 941 - 6 .4 6 ,4 ''  8 .9
13140 G71 4 .7 4 .7 8 .8
6550. 334 8 ..4 . 8 .4 1*8
4480 . 885 1 .7  ; . .1 * 7  _ . 0 .8
1850 94 0*6 . o ,e r  . 0*4
0 .0 0 ,1 . 0 .1 0
BEAM OAUBmTlOE TEST A ST m iE  GAtrGE. W o.l
D e t a i l s
D ata . .  » 
Spaclmen ,
G&ué@, .  ,
5 th  May, 1948
M ild  S t e e l  Beam 30  Inehea x  B In ch es  
X ::'0,312 I n c h e s ,  .
. . , ,  B *T . a ,  Type 
n o m in a l, .
Glue a. , ,. ,. , High SollâB: Duroflx glue
H o,3468) T e sted  a t  14 d a y s .
T e s t in g  Maehlne 4 « p o in t lo a d in g  a p p a r a tu s .
Electrical , , Blnglc^ at&tion strain g&nge a c t
Measnremonta' " * * (Gauge current 3#mllllamp8,)
S e t
Gauge
G on t  z ^ l  Def l e  c t l  on ^
PIG, 11*4 Beam. Teat Arrangement
T est. Beam s e c t io n
" " " / / / / A ''
P IG ,./I I  ,5  Beam B.:eG.ti.on.-.
A ppendix ( O m t ,)  . -
A b straot. o f  R eadings (P lo t t e d  on Graph-11*] 
Q = 1 0 ,0 1 8  ohms
lo a d  W - Gauge in  T en sion Gauge i n  OcmpresslGn
( m ) D e f le c t io n
^ .x  1 0 # 5 ,
R o s is tg n o o  
change  
d^ (obmsj
D e f le c t io n Besls.tano©  
change  
dQ (ohms)
0 - . ' 0 -'■■/ 'O '.' V 02 0,15'. ' 14 « 0 ,1 5
4 0 .5 0 : 87 . . - : = 0 ,5 0
6 ■ 37# .0 ,4 0 .48. ' .0 ,46
10 0*70 68 .: : =. 0 ,7 6
' 14 :91
ie@ |
1 .0 0 75 . ! .*, 1 ,0 5
- 16 . 1 , 1 0 - - . 1 0 8  . . -  1 .8 1
28 . 3.46 1 .5 4 . / : 151 : « 1 ,6 1
24 159 1 ,6 6 .164$..'. « .1 ,7 5
G .a lo u la tio n s
j^Tom Egn© 11*1
S tr a in  e  - 4  d&
In  t e n s i o n ,
Per a 9.0 lb, central load from Graph 11,8
0 -. 4. X 0*318 I n dh %^134 .5  % 10 ."Inoh
16.5^1nGhe8^'
.0,00.0.0015
Appendix XI (Oont*.)
a ten sio n  (oont«=5Çf=srMSï*'
a ls o  a t  th is  load ^  .-a '«àÿâSLS^ - «  1 , 4  x  lo=#
. IUO1 8  omm
d%
S tra in  S e n B lt lv lty  F actor In ten sio n  -  Æ
8 0.615 X 10=4
' 2 .B7
Gauge, in  compression  
F or a BO lb .,  c e n t r a l  lo a d
_ 4 X 0 .31B  In ch  ix 1 3 6 .5  X 10'
^ ------------------------------------, r : : — 5 — '
1 6 . 5 “  I n c h ' '
0.0000624
A t  t h i s  l o a d  =  1 .4 6  x  1 0 -4
S tra in  S e n s i t iv i t y  Fan to r  in  Gempresslon -
4d.q%g% = 1.46 X 10
® ' ■ 0.624'"x""lQ=t
vEII. . . , .
Bmm OAMBRàTIOH TE8T Œ. A &TR&IÉ 
Det&lla ., , \
à e 3 ' a » . 3 8 0
Specim en *
aa-qge*: * _ $ «
» .  3  ®  3  ® - »  , 9  S
T estin g . MaoM: # .. © e.
B l e o t r i c a l  Mé&siizg;™ 
m on ts .
Eovcmher 1.948 . .
M ild S t e e l  , beam. 50  Incbem % 2 in c h e s  
X. .03519 I n e h c s , , . .
,  Type y
BO0 ohms nm nlnal
DnroflJK ( I  .a  .'I o glixo 
No 3 5469) T esto d  a t  14 days  ^
4 = p o in t lo a c lin g  app aratu s.,
?
.M u lt l^ s ta t lo h  s t r a in  gangé s e t^
-Q en tra l D ef l e e t lo n
FIG* 1 1 ,6  Beam T e s t  Arrangem ents 
T e s t  Beam S e c t io n » . .
FIG* l l p 7  Bo&m S e o t l i
A p p e n d i x . (G o a t,)
A b atract. o f  R eadings (P lo tted '  
Q ^ 050 ohm
h  11,^
G e n tr a l | Gentr& l 
I)Oad W I Dof lo a t lo n
& x lO'^in *
15
.91
G alon la ticm a
0
11*5  
95 
. 4 1  
55  
66 
80  
95  
108  
195  
15Ÿ
Tenaibn
âëS iE tân eo  
ohange  
dQ (ohm#)
. .0 . 
-to. OS 
+ 0 ,2 5
+ 0 ,8  
+1,10 
t l . 4 5  
+1.Y 
+ 9 ,0  
+9,9  
+9 *6
From Bqn * l l o l  
S tr a in  @ _ 4 , d |r
0<%apr@s8l<
I S s l s t a n o '  
change  
(  ohmg )
F o r  a 10 l b ,  load  W from  Graph 1 1 ,9
.0
-0 .5
^0,6
<»o,g
-1 ,1
^ lo 4
«.1,T
daBoO
.«,9,9
«^ 9 ,8
= 4 X 0 .5 1 9  In oh  x 4 6 ,5  in c h  % 1 < .4
l a o  a t  t h i s b o th  tonalozi m d  ocmproasicm  
^  0 .9 9  ohm
10050 ohm
v i t y  F a o to r
3 =
 ^ .©
',9.9
10050 X 40000405  
= 9*9T
A m sm rnji X I I I  :
SBâH GALIBmïim 6? A SgEÀm rnsOB He^ §
D etm ils .
Date . . . , © e  e  e l â t  Deoémbar .3.948
Specim en ,  . * , . . M ild  . S t e e l  beam 50 în e h  % 9 .Imeh
X Q ,51B .In ch es*  . . ..
Ganges © ■.{>■' a *. ® Ci 
Glne ■«■ •'• é *• * ®
T e stin g . .Machine,. ^
SE /À /97 . 215 ebm.» One
eaeh  s id e  ef. iza
E l e e t r i a a l
.Measurements
H igh S o l id s  D u r e flx  gl%@
N o ,5462) T eated  à t  14. d a y s » .
4 « p o in t le a d in g  a p p a ra tn e ,
Mnltl-«^atatlqn; s t r a i n  gange s e t ,  
O lr e n lt  '-current- 51  .m l.illâm ps
get^ug;
'^entrai D e f le c t io n  7 ë
jauges ,
Al
W
2
W
V
w
F i a .  11 @8 Be&m T eat Arrangement
Teat beam -aec.tien
F i é . . 1 1 .9  Beam a e o tio n .
Appendix: . .
A b stm q t o f  Readl5R8 { P lo t t e d  em Graph-ll%lr:amd 1 1 * 2 )  
Q, «  VlOpOSG ohm 7
C e n tr a l  
lo a d  W 
( l b )
. C e n tr a l  
D efle& tlo h .
S X IQ^in
GaugO: (1 )  
d&l 
o h ^ .
Gauge (2 )
dQ.g
ohm#
0 0 ) 0 .. ... 0
5! 32 .0 + 0 ,5 5 w.. 0,*.45
10 . 6.4V8 + 0 ,7 5  ^ m 0 ,8 5
15 97 .3 + 1 ,2 0 =. 1 ,2 0
20 130.0 + 1 .5 7 * l ,G O
25 - 1 6 4 .5 + 2 ,0 0 » 8 , 00
50 197.0 + 2::,50- -  2.,4.5
aa lG u latlom a
From -equation- .11 .,1
S tr a in  o 4  d.
For 10 lb- load: W from Graph 11 .2  .
@ «: -4 X 0 ,5 1 2  In ch  x . S^ .S  lm eh  
15% lnGh& 10,000
- := 0*0000565
Alao fo r  t h is  le a d , .Gauge .N.ô.*l/(tension )-
Gauge No ^ 2 .(Gompreasion.) ^  %3%o
'"Gauge- W o .l ( te n a le z i)  S tr a in  S e n s i t i v i t y  F a@ tw
etas
e h B i
m
T  _  ■ 0 . 8 2
T  -  1Ô0SÜ x".m5Cg% g
=  2 . 2 5
g % U R @  M o . 2  ( c o m p r e s s i o n ) '  S t r a i n  S e n s i t i v i t y  F a c t o r
s  :8ol4 ■^  0 . 7 84 -  = lü ü gü  k .UÜÜ(W8%
-. D ate  « .. ^ :» . .* « Jn&0 1948 ,. . ' .
'8peolm@ü - » # ..« - ... ... Mild: S t e e l  T e s t  P le o e  (Area 0 .346M
(S ee  f i g .  \
S i
Gaiigea . .. . ... . . B.T:.G:, %p@ 8^ /À /97  211 ohm .aad 
21B Ohm nomlhali^': A fflsced  <m
o p p o s it e  fâoeB-.'ùf isgeolmen*
Glü@ .  . ... .: .. » a .  , E ig h  S o l id s  D ü rp flx  ( l . G . l .  gin©
N o..3462) T e s tM .ia t  14  days .
t e s t i n g  Macblnop-' . . .. 5 ton' Bnokton S lm gle  l e v e r
T e s t in g  M achine. ( B a l l  & s o c k e t  
. s h a c k le s  to  g r ip  sp e c im e n .)
E l e o t r i o a l  Meas.nrements M u ltl-o ta tlo a i'. a tra in - gauge s e t .
M ech an ica l . S tr a in   ^  ^ Gambrl&ge- 4 .in c h  Êxtenàôsaeter..
Mcasnromenta
Gro.ss 8ee.tl.on o f - t e c  p lo c c  
±
T
FIG.: 1 1 .1 0 .  Tens io n  Speolm.cn.
Appendice ,%IV- ( Ou U
A b a tra c t o f .R eadings', tccrsfcwrs.TOKarWïwssKïiw ac%û:apc6ï&KCm' E l@ otrlo& l on G3%pb, 11  #3
.Q;àctxaK/=«eM3KKM:*
:U
100
8000
4000
5000
6000
TOGO
211 ohm 
Gange 
d% ohms
0
2 ,8
' 4 ,5
6 ,3
8*3
1 0 .3  
18^3
1 4 .3
812 #bm 
O&ngé
. 1 .5  
8 ,6  
6.,6 
7 ,6  
© ,6  
11.6: 
1 5 .7
MOGh&niGal
lo a d
(Ib)
E x te n sio n  
sa 4" a .L , , 
X 3.0%K'ch«s
•. 80 
1310
e u e
318.0
4100
5360
2.3
7 .?
11. e 
14 .5  
la.o
22.7
26.0
G a lo n la tiô n
From th e  graphs g &s th e  s lo p e s  , o f  the: ..load^chang©. o f  
^slat& no® c u r v es  a re  I d e n t ic a l  f o r  @&oh gauge
, .
TheUff f e r  1^^000 lb  load^ dQ = 8 oW s ,
S tr a in  ® *  x
stra in  S e n s it iv ity  Paot.or = ro T s l'x ^ lv fr F T ^ ^ 2.12
Bimrl GALIBmTIOM TEST ( 0rO88 S e n s it iv ity )  .
Detall&y ' / -
Date .» ..a Deéamber 1948?:^
$. 'i: ^  ». *.. M ild. S te e l beam x  B Ineh
- .. . % /8,SG9 Inoh^^ ' : ' ' .
Ga-ageB  ^ Q. .» * . BoT.eG:, ^  2449 ohais
Bgæ .BéSO ohms
Glno o . .  -, . » E i ^  Solids .gl%@
lKGe5462) Tested a t :14 days*.
Testing  Maciiine,: » .. . 4 "p o ln t ipadlnga% ^arat% s.
3 3 l0 c tr lG a l , S in g le  s t a t i o n  to n e  B r id g e  s e t
,M@ & 811 r  013.033 'GB: » ia « ■■© '
- 6 f Ï
G lr o n lt
G&ng'Si
w
&
Gmnge N o , l
Gange EooB
Plan View of Beam
F IG , 1 1 *11 /: T e s t in g  ArrEngement^y. ;
I n i t i a l  ohms . P^ . =* 8449 :^
Galvanometer O&libratlqn
dQ(oh33^} G&lveD e f le c t io n
0*1 . 0
0 ,2  - 5*16
0 ,5 6 ,9
1 . 0 . 4 9 .5
0 .5 1&*4.
. 0 .6 15ê6
Eonoe
G alvanom eter B ate 31  d l v s * ohm
( th is  app lied  fo r  both gan ges,)
AppendlX: XV . ( G m t . 3 . ' .
Doa.cllng Teat:
A bstract o f Readings (P lo tted  on Graph l l . é )
Domd W 
( lb )
A z la i  G&nge T ra n sv erse  Gange
G alvo
D e f le c t io n
: _
(bhins ) . .
. Galvo  
D e fle c t ié m
&?&. ' ' 
(ohm^)
Q ■ G , ' .. 0 0 0
2 i- 1:.15 divs 0 .0 3 7 c' 0*3 diva 0 ,0 1 0
4  ■ * :B ,4 p  .. 0 ,0 7 7 . ' 0 ,7  : ' 0 ,0 2 3
■ a i" 5 o66 . 0 .,118  ^ =. 1 .0 5 0*034  .
8  .. + 4*85 0*156 « 1 , 3 5 . . . 0 .0 4 3
10 . 6 .0 5 .0 * 1 9 5 '=  1 ,65 . 0 .0 5 3
12 " * 7 .85 - 0*234 «. 2 ,0 5 - 0 ,0 6 6
"t" 8 *45 0*279 = 9 .4 5 0 ,0 7 9
IG ' 9  *75 0 ,3 1 4 « 8*75 0 ,0 8 9 .
14 K 8 .5 5 0 .2 7 6 = 9 .4 0 0*077
12 ^ 7 .3 5 0*237 ' ^ .&.05 0 .0 6 6
10 * 6 .1 5  . 0*198 = 1*65 . . ' . 0 ,0 5 3
8 . ^ 4*85 0*156 ™.1*35 0 .0 4 3
& * 3*65 0 .1 1 8 - ™ 1*0 0*039
4 . -t' 2*45  . . 0*079 '. * .0 ,  6 ' .0 ,019
2 1*35 . 0 .0 4 4 a. 0*3 0 ,0 1 0
0 . 0 . 0 ■ . 0 0
Eote ':: The .qa lon latlon  o f the cro ss s e n s i t iv i t y  fa c to r  i s
T~ given nnder the. reanlts seotlch of this topic *
>S4<
THÎSIOH, TESTr«Htcct»atSSya
C a lc u la t io n o f  Ecoont r i c i t y  from  S tr a in  D is t r ib u t io n
Assume p la n e  c r o s s  s e c t io n s '  b e fo r e  s t r a in in g  rem ain p la n e  a f t e r  
- ' ' / ' s t r a i n i n g .
L et specim en be load ed  a t  p o in t  ( x .y j  -as sb o im . by a
v e r t i c a l  lo a a .
S tr a in  a t  p o in t  B =: Avei»ag0  S tr a in  on c r o s s  s e c t io n  ( 1 
S tr a in  a t  p o in t  A = A verage S tr a in  on c r o s s  s e c t io n  ( 1 O B=CS2i»
d
IB s
when = 5 in
S im i la r ly
S tr a in  a t  p o in t  B = S tr a in  a t  p o in t  A 
A verage s t r a in  on c r o s s  s e c t i o n .
!.-waBcrc3gWtwaa;»igaf&-peKrja'B8earaeatv,H.ï
t  B a S tr a in  a t  p o in t  A 
rage s t r a in  on c r o s s  s e c t io n
3 " S tr a in  a t  p o in t  I  
s t r a in  on c r o s s  s e c t io n
Maximum S t r e s s  on s e o t io n  due t o  e c c e n t r ic  lo a d in g si-ti.rxsrsri^ iss^seatsiDseÀmi'yrf.a
€'ÿ* \klaximnm S t r e s s  = A verage S t r e s s  ( 1 4 '  " ÿ
F or d = S" Maximum S t r e s s  = A verage S tr e s s  (1  + 8% t  By)
Eqn. 15*2fc>CTay>rpfW<»»jtLigrMyu«f.<-eg^r;7Uj:.-f:îs
Appendix XV3I
D et& lla  
D ate
Specim en .
TEH8ÏW TEST I I o .l
o 6 @ e o 9 «Gauges
Glue ® % » * « » » &
T e s t in g  M achine
E l e c t r i c a l  
M easurem ents
2 8 th  June 1948
P la in  c o n c r e te , *A B is e c t io n  3^ % 3^ 
Ag@ 18  m onths.
B.T.G* Type SE/A /8^ 2000  ohm nomlna:
H igh S o l ia s  Durofl% (I.G .% . g lû e  , 
N o .3 4 6 2 ) . T ested  a t  14  d a y s .
B le h l#  1 0 0 ,0 0 0  l b .  screw ^pow ered , 
compound le v e r  beam ty p e  m ach in e.
M u ltl« ch a n n e l s t r a in  gauge s e t*  
M arconi G alvo, Gauge c u r r e n t  
3 m lll la m p s .
A b s tr a c t  o f  R eadings (P lo t t e d  on Graph 1 3 .5 )
Q = 1 0 ,1 5 0  ohms
1 1 5 .0
1 7 6 .6
6 7 .7
Gauge No. Gauge N o
R e s is ta n c e ld ^  % 10 
change I 0 
dQtohms)
0
0
+ 0 .1 7  
+ 0 .2 5  
+0*43  
+0*63  
+ 0 .8 0  
+ 0 .5 2  
+0 #29 
+ 0 .1 7  
+ 0 .0 8
+ 0 .1 7
+ 0 .26
+ 0  m 44
+ 0 .5 3
^0.17
+ 0 .0 8
+0*17  
+0*57  
+0*70  
+0* 69 
+0*43  
+ 0 .1 6  
■ =a 0  » 0 2  
"»0.1 1
0
0
^0*08 
+ 0 .1 7  
+ 0 .5 6  
+0*69  
+ 0 . 6 8  
+0*42  
+0 .1 6  
-0 * 0 2  
— 0 9 11
N ote  ( i )  Gauges Nos 2 and 4 were u n r e l ia b le ,  due
( i i )  G alvo* e r r o r  a t  end o f  t e s t  corresp ond ed  t o  +0*13 dha%
Appendix.. Z V III
: Tm m im . TEaTs Eom 2  &. 3 , , '
Dgt&lla: ' :
V .P&te: d: ... .*' .. ... ... Ç November 1948
Gauge GUrren.t;:,.: .^ . *.. 1% m illia m p s ' \
Rem aining, d a ta  aa p errT ea t E od l 
Abs tra ct.. ..of le a d in g s  ( .P lo tte d  on Graphs 13*3 and. 13*4)
ho&d
( » }
.Sfcyaas
Ib /ia *
Fr'aotional .Basis tsnse Chaag® ^  x 10^
Bangs
Mo,l
0-asg® 
He. 3
Bangs 
He .,5
Gauge
NÜ.6
T e s t  îf o , 8 
33 ■ 3 .7 0 0 . , 0
388 43.1 0.43 0.50 0*19 0,11
653 - 72.3 0.53 0.40 . 0,51 0,59
983 102.6 0.76 0.50 OdST 0,49
1198 133.0 ' 0.87 0.69 0,47 0,60
1493 166.0 0.88 0,69 0 * 45 .8 : 0.80
1798 # 0 .0 1.20 0.89
O.io
0*73 1.05
83 ■ . 3 .7  . 0.35 . ; ,.0 : . 0:
Test Ho.3 
33 3 .7 0 . B » . 0/
843 . ■ „ 6Q,i4 , ■ 0.07 0.20 0,88 0.88
m s 109.2 ' 0 .32 : 0 . 40 0,47 ' . 0.80
1288 141.0 0.32 0.30 0,76
ÎS88 .176.8 . 0.62 0.39 . .0 *63 0,91
1863 207.0 . 0.72 ■ 0.39 : '.....0663- .1,01
1328 147.2 0.52 0.30  ■ \ ' O^ YO... . 0,86 - ..
,1018 113.0 . 0.23 0.10 V-0,47 ' 0,60
648 72.0 +0.04 +0.18 0,31 0,39
35 . 3 .7  , «=0. OS -6 .8 0 OiOe- - 0
/
- 5 7 -
A ppendix t . )
T # B I #  TE:8T E e.B  (O o n t.)
Oa lo u la t lc D a
Gauges No Bs 6  and 1 v a r ie d  e o n s ie t o n t ly  w ith  th e  
E ^ p lied  lo a d g and th e  e i e a t r l o a l  s t r a in  f o r  t h e s e . gauges I s  
ta k en  from  th e  cu rv es  (G rà # i 13*3) and W ed f o r  c a lG u ls t lo n s .  
Gauge No*5 behaved, e r r a t i o a H y  and th e r e fo r e  i t s  r e e d in g e . a re  
n o t  used*
A t 200 lb / in '  ^ nom inal s t r e s s e l e c t r i c a l  s t r a in s  :x 10^ w ere ; =
Gauge.NoaG .**  l . o '
Gauge .NOel . . .  . . . .  .1*0
. Gauge N o .5  **,. . . .  0 .7
E c c e n t r ic i t y  o f  L oading
.ncing th e  f  om m lae d e r iv e d  3n App@ndi%: X%[y c o ^ o z ^ in a te s
.o f  lo a d  « p e in t  from  c e n tr o id , o f  specim en :« .
%. = .0*09  ^ .%.= %@rq (Bee P ig .  ISoOj
YGmig.B..3 Modulus
T aking S tr a in  S e n s i t i v i t y  F a c to r  o f  Gauges =  9 . 8 7  
A verage s t r a i n  on specim en a t  800 I b /ln ^  =
2 .8 7  .
a'bfln B = EkESm = ggL ,.ÿ-.£tSï. A _
S tr a in  ,0.85%  10=4 .&Q2
= 5 .5 5  X lo G lb /in B  
N ote Owing t o  th e  p a r t i c u la r  p o s i t io n in g  o f  th e  - gauges  
8*. 5  and #y th e  mean o f  t h e i r  e l e c t r i c a l  r ea d in g s  g iv e s
a v e ra g e  e l e c t r i c a l  s t r a in  ^  ...on: th e  specim en very  c lo s e ly ,
A p p e n d ix . % W II. ( e o n .t  )
T m a im  TEBT Ne ( g o a t . )
O a lG u la tio n s
Gauges Nos# 6^ 5# 5  and 1 v a r ie d  q o n a la te n t ly  w ith  th©
a p p lie d  lo a d ), and th e  o l o c t n o a l  a tr a ln  v a lu e s  f o r  th e  gâugaa
a r e  tak en  from  th e  cu rv es  (Graph 13#4) and naed f o r  G a le u la t ie n s
A t 2P0 I h / ln ^  n om in a l a tr o o S ) e le a t r lG a i  a tr a ln e  .% 10"^  w ere : =
Gauge No*6 ### ### 1 .0
Gauge Mo#l . . .  .#*  1 .0
Gauge N o .6  . . .  0*8
.(^uge.. N0:#3- .. ##.. . . . . .  0:.8
E o e e n tr lG lty  o f  Deadinj?
Mein g th e  fo rm u la e  d e r iv e d  In  A ppendix XWy o o * o r d ln a te a
from  lo a d * p o ln t  from  o o n tr o ld . o f  opeoimen :*
X =. .0 .06^  j  y  = s e r o  ( s e e  F i g .  13*7)
Young M odulus * -
T aking S tr a in  S e n s i t i v i t y  F a c to r  o f  gauges »  8 .8 7
A verage s t r a in  on apeelm en a t  20.0 I b /ln ^  = 0*9 x 10^'^
2 .2 7
a t r e s s
Then E =  = 5 .0 5ij 3 %
N ote  :=" . Owing t o  th e  .p artiou l& r p o s it io n in g , o f  th e  gauges 
Noa* 5 and 6.)- and 1. and 3.) the. mean of. t h e i r  e le o .tr le .a l  
.read in gs g iv es- th e  a v era g e  e l e o t r l e a l  s t r a in  ^  .on- th e  r 
cpeelm en v ery  e le a e ly - .
«>30—
A p p e n d ix .
D e t a i l s  
D ate
T m W m  TEST No*#
.# # . , . .  # .. 2 3 i4  .Dee ember, . ,10%
(^ u ge G urrent : *,
.Gal van (m ete r  :#:...*, ' * . Gambrldge In stru m en t
A b a tra c t .o f.. R eadings ( F lo t t e d  on Gz%ph.l5*5}' ' .
N om inal Q'. 10 ).G0O ohmà
lo a d
-{ lb ) Btre&s
ïfa/in'S'
F r a o tlG n a l .R êa lstan çé . . '
: change x. 10^:
- ^ /
Mc&n
E l e c t .
S tr a in
^  X lO'^Gauge
m » i
SaugB
N0*3
" 'Gauge.' -
' • 
0
'
0 : 0 0 . .0 : . 0 .
168 19 «a 0 , 04 « 0 *16. 0*13:' - 0 * 1 0
863 20 + 0*06 <=> 0*^  04 + 0*02 + 0 .0 1
508 44 «=>, - 0 « 03 + 0*04 1 « 0 .0 7 = 0*01
633 59 + 0*16 + 0*08 . IÜL1 + 0 .1 2
630 70 + 0 ,1 7 + 0*05 + 0*04 + 0*11
718 80 + 0 * 16 + 0*08 i +.: 0*05.:: +. 0  ...12 '
. 855. 05  : + 0*19 + o * i i + 0*13 + 0*15
003 110 + 0 .2 5 +, 0 *22 : . + 0*23 + 0*24  .
1113 124 . - .+ 0*28. . + 0 *28 :.+ 0..29 ' + 0*28  !
1813 1 35  . + G$28 + 0*28 ' + 0 .3 1 + 0*28
1318 . 146 . + 0*40 +" 0*42 + 0*36 + O jé l  -
1448 161 .+ 0*43 + 0*47 + 0*41 + 0*45
1688 176 .+ /0 .5 2  - ,+ 0 * 46 + .0*45 + 0*49
1.688 - 188- .+ 0*54. - + 0*58 + 0*50 + 0 .5 6  1
1828 , . 2.03. . . +. 0 .6 0 . : .+ 0.!67 + 0 .6 6  . ' + 0 ,6 4  I
2043 227  . :' + 0*63 + &.75 + .0 ^ 7 1 ." +. '0*69 1
' ' 2108' : :' 244 4  0*75 +  .Ob,.82- ' + 0*80 :+' 0..79 1
2 2 9 3 - ' . 2 5 5 + 0*76 + 0*99 + 0 .8 8 '+  .0,88,... '1
2418 260 + 0*86 + 1*02 . + .0*91. + 0*94 1
2518 280 + 0*93 + 1 ,1 2 + 0*9'2 , + 1*03
2625 291 . + ' 0 , 9 5  : + 1 .1 8 + 0*98 + 1*06 1
2768 3 0 8 t  1*01 + 1*25 + 1 .0 5 +' 1#13 1
2868 310 + 1*05 + 1*30 .+ ..1*12 : . + 1*18 . 1
2078 331 + 1*19 + 1 .5 2 + 1 .2 0 + .1*36 I
5088 5 4 3  . + 1*19 + 1 * 6 0 - + 1*27 + 1.41
3188 354 + 1*24 + 1*69 1 + 1 .3 2  :' + 1.47 i
3308 . 363 . Fracture + 1*81
—4 0 —.
.Appendix. .ŒC (Pont.*)
a m iO N  .TEST E 0 ,4  (.Oont # ) .
O a lo u l& tien s - . . .  ' -
The gauges NW* 6 .and 3  were in  o p e r a tlo n  and ) e x o o p t . 
f o r  f a u l t y  i n i t i a l  b a la n c e  and Eero i n s t a b i l i t y )  gave s t e a d i l y  
v a r y in g  re&ding.s w ith  th e  a p p lie d  load*  W a lh g .th e ir  
e l é ù t r l o a l  s t r a in  v a lu e s  from  th e  c u r v es  (Graph 1 3 ,5 )  th e  
f p l lo w ln g  o a lc u la t lo n a  w@z  ^ made .. .
A t 200  I b / ln ^  nom inal a tr e a S )  o le o t r lG a l  a tr a ln a  x  10^ w ere :=»
Gauge NOol »,*  #,# 0 .7 0
Gauge N o ,6 0 ,8 0
Gauge N o .S  , 0*85
E c c e n t r ic i t y  o f  lo a d in g
W slng the. fo im u lâ e  d e r iv e d  In  A ppendix JCVl/
..G G = ord ln ate .8_ .o f load  « p o in t .fr o m  G en trb ld  o f  ..apec^ l^^  :«
% :p 0 .011% * ; y  =: 0 ,1 0  I n . 1 3 .1 1 )
Young^8. Mcdulua ..
T aking S t r a i n , ' S e n s i t l v i t y  F aG ter /of . gauges = . 2 . 2 7 '
A verage s t r a in  on specim en  a t  BOO I b /ln ^  =
2 ,2 7
Then E =  ÊÊZÊÊE .= .ÊRÊ,% % >
s t r a in  0 .8 0  - .: In^
-a 5 .6 8  X lO ^ lb /in ^
. -41"
A ppendlz.X IX  (C o n t. )
S t r e s s ,  due t o  e c e e n t r lc  lo a d in g ,.  . . .
As ..shown .1% A ppendix %VI 
, Maximum-mtrésa ':= .Average S t r e w  . (.1 + 2% + By),
A t e l a s t i o  br@ 8kd#n (% .:= .00.01 I n . )  y -  O.IO In .,}  
Maxlm&m.Stross =  1  #22 .x  A verage .S t r e s s /
At f  r â o tu ro  load .. .(Nominal a tr o a s  = 364 .ib /l% ^} .. .
From. GrapW ) e le c tz d e & l atraln8-:%: .10^/^% :-=.
G&uge. N O a l /  . . .  *** 1*36
Gauge Mo©6 ® © a ,  * a 1 ,5 5  '
Oauge M’ô.sâ * ®. e .# .©. © 1 ,9 2
EG.oantrlGi ty . o f .: Doacling
D sin g -a b o v e  v a lu e s  : « /  . .
X = O.-.02 In*.), y . - 0 * 0 8  I n .6.
Maximim B trasa. d w  W  eo cen tr lO  lo a d l%  ;».
^ s ln g  above vÀluaa
- " Maximum B tr ea s  a t  frao tu r®  — l.B O  x Avez^igo S tr e a g
. = . 4 3 6  I b / ln ^
Mean s tr a in , on th e  or.osà a e c t io n t«Ss!£*s3cçKt2as£ttcwccri»' p^a;ggietgga»w:Kac»irÆatratar!g4gvgtSacl-iigaa?nT3»rtfrJgaR:gyina«toytL;.3u+^ar.iAraga>ts^ ^
Owing tq  th e  p a r tiG u la r . p o s i t io n in g  o f  :the gauges  ^
.Nos 5 and 6 )  th e  mean o f  t h e i r  o l e o t r l o a l  r ea d in g s  g iv e s  .the 
a v era g e  e le o t r lo & l  s t r a in  on th e  specim en v e ry  o l o s e l y .
.42.
TENSION TEST Mo„5
0 0  o @ o o O' o
D eta i l s  :«
D ate
Specim en * ,  * .  .  «
Gauges o a a a a a a
G l u e  0 9 0  9 9  9  »  O
T e s t in g  m aoblneo ,  ,
M eeh an loa l 
Extensom eter'^ * * @
E l e c t r i c a l  
M easurem ents* * " *
19tb Feb* 1949
Plain concrete section  S'* % 2o9^  
Age 47 days* Curing ;« damp 7 days g 
water 14 daysg a ir  26 days,
BoT.G* Type SE/A/27(2Q0 ohm nominal)
High ao llds Duroflx glue
N0o3462) Tested at 9 days*
Eleble 100 0^00 lb* sorew-poweredg 
compound lever beam type machine*
7*0, Davies instrument 6  ^ gauge 
length .
M ulti-channel strain  gauge se t)  
Cambridge Galvanometer*
Gauge Current 17,5 mllllamps *
E x te n som ete r  G a H b ra tlo n  ( P lo t t e d  on Graph 15*7)
M icrom eter F ix e d
R eading S c a le  1
(x  iO ^ ln .) R eading (mm) *
= 2 ,0 5 64*77 7 5 I5 7  1
« 1*75 7 1 .7 1
4  1*55 7 0 ,9 8  1
= 1*50 70*24  ' !
= 1 ,0 0 C on stan t 69*00
^ 0*75 67*90
« 0,a50 a t 66*89
— 0*50  
0  ' 64*77
66*01  
. 6 4 ,7 0  .
+ 0*25 65*55
+ 0*50 62*50
6 1 ,5 1+ 0*75
+ 1 * 00 6 0 ; i2
+ i ; 2 5 5 9 .1 8
+ 1 ,5 0 5 8 .5 0
+ l i 7 0 5 7 .4 7
+ 2*00 5 6 ;7 0
,aZ' iC'^
i r^'om Gï?a0i' 15*7  , 0*001 la *  :laa&oyiamétêr, 4 * 5 5  oms on s c a l e
O alib ratlom . Q o n d it im * ' - ' . . .
3-3
y  4*7
3 3 *
4*55  om* on 
s o a lé *
G aDeo&m@23
3'3
^55
1 em* on sea l®
F ie , .  1 5*5
a t  Specim en .. . æ
. . ' - 4 * 5 5  . . B .
01898 1 b .
.1 a G a  O.OOOiSGS Inohéa  esctenaion  
5: 0*0000215 s t r a i n .
= 4 4 ^
t.*
A b stra ct..'o f R e a d in g  ( B le o t r lo a l  Gang® E ead ln gs  
( F lo t t s d  on 15*8)
S tr e s s ^
84
vc=wc»*:-23ea;
ic.@ Ghange
uatage. .Mo *8
%%«e%tcaXa:3za%«%A;^&6(=awAKB**!i-MMucBaia
4" . 0*0$.
T*" 0 * 10  
0,80  
,0*50
,V.VKcy
0*57
' e w  i t /
‘o*r8
0 :8 4
:8«94 
1.03  
l .W  
1 .18  
1.24  
1.36 I
1 . »
1 .48  .
.: 1..S0.
1.69 I
Em gtsre
4 .8 .1 © I =
,11
.0 .86
0 .2 9
Q.SB
 ^o
i-AR
8.56
0.60
0.66
k*w&g52B*aÆAL%aA3a=w%T*«f«r?dtg«%fMr5ï;ÿa*3AAaf^cw&z:ai2%acKcuai.kWiiaÆCü%
Baa ,^ 9  1 #aag.@
îîe.9 I Se.lO
tÆxaîsg;tw»B*syggaftyrg».c>p»«;Assyàp*ask
0 , 7 0
0.76
iG.SX 
0,83  
0.02  :
0,99 
1.08
1,14
1.24
ate, ixppsv-
OS
0,16  
0,16 
0,81  
0 .2 8  
0 © U4: 
0 .27  
0 .8@
' a  v t J
1.38
1.48
0 .42
. 0 , #  
0,53 
0.58  
0 .61  
0,64  
0.68 
0.72 
0 .7G : 
0 .77  .
■ehsag©
■41.
A
*3^
**8:0
1*27
'*55
,5'B
,55.
&*B9
0*09
0*75
0*81
0*88
8*90
. 0 *9 9 :
1*05  
1*11 
1 * 1 5  . 
1*18  
1 .B 0  
. l.*2e. 
s e c t io n
,.... 8*.02. -
A ppendix S  (P o n t* )
A bstract o f Readings (Average. S tra in  Measurements i 
( P lo t t e d  on G ra#i
. . .  a o a d lt io r lz ig  Exm W0 ..I
tes»<a/>3*sax«as«fietiwe«RSl;^*=i»se
mn: M oobanlca l . 
M easurement 
f  Mean 8 t r  
X I #
e,S4
0 , 8 8
1.48
1.76
2 ol0
S-X f,
Oeaâitlgaia.g Eiaa; He.oS.
»i<?CT>«=g«aaag*Bgr:.<-irragCTa»ttWto«<K::i:
4
SB
.;8::
i| . Me.ehardLeal- 
Meas.nrem@at
o f .Mean. Stral:
§ ^I V TnO
.i .4 8
2*m .
0*17'
»46<
A p p e n d ix  XX
A b s t r a it  o f  R eadings /(A verage S tr a in  Measup@ment@'. 
( P lo t t e d  on Graph. 15*9)
Weminal S trea a
mol
4-
84  
5 4  
46  
58  
7 #
85  
107  
118  
158  
146  
168
186
198
8 1 1
884
.:858
:B#0
864
876
887
8@6
SOI
M ech an ica l 
M@88tare%%ent 
of mean strain
X  l o 4
8 .6 1
0,©S
• 6,10 
0*14  
0*16 
' 0*19  
0*81  
0*86 
0*87  
0*88  
0 .8 9  
OàSS 
. O .S7  
0 .4 1  
:0:;.4S 
0 .4 7  
0 .4 9  
0*49  
.0 * 5 4  
0*5:6 
0 .6 0  
P r a c t w e
E l e c t r i c a l  
Meaanrement 
o f  ^ a n  s t m la
^ . X  10^
"0 - 
0.10 
0 .0 7  
0 .1 7  
o A
'@,80
'SoSS
® ,4g
0 ,4 6
.8,82.
•QoSS
0 ,6 0
.0 ,6 5
0 .7 1
0 ,7 0
6 .8 1
# ,0 8
© ,M
0,9©
1 .05
1.08
1 .1 5
1.SS
Owâjîg th e ®:ft,i?fcis’alai* p o sitiea lK g  o f th e gaogss 
M«s, 8 and 10 ; th® saeaa. of fclieir-- e l e o t f l e a l  reaâ iags g iv es  
th e  a v e r a g e /e l e o t r l é a l  s t r a i n  %  th é  sp ee lm en . vergr c lo s e ly -
.47= .
A ppendix ( G m t , )
TmSIGF TEST îTCaS (-G m t* };
O à ïe ü la t im s
The fo w  .0 lé@ triG al gangeg vmrked W t ae
gangc# Nos# 9 and.3.0 were a l l  s itu ated  a t apprg^lm ately  
th e  B'ame o r o s s  e e c t l m  ç f  th e  speelmeng.. t W l r  r e a d in g s  w ere  
ns'W f e r  a l l  G a le u la tlm s * . The re&dlm #. e f gauge whieh
are.: ïnoluded In  aem©. Imstàneeé^. are  a l i t t l e  h ig her than 18 . 
G03#@tlhle w ith , the. .readlmge o f - the other gauges g: hut, th is  may 
w e ll he due. to  Its . .Glo.se p r% lB iity  to  a shoulder o f th e  
.Bpo.Gimémwlmr0 3tre.8.8.Gm00ùtratim.soGo.ur^^^^^
(a,) . BG.:Gentrl..G.lty o.f .lo a d & g # : .. .,.. ,
The. eoo .entriG ity  may be Galoulated a t any Im d  f  rom the  
rGadinga o f the three/gauges..., U8%:g. the 3 c l")tlm $ h lp  deidved 
In  .Appendllx, . The readlng^^^ are  oorreoted f  o r the -
&ero o rro r whom ..h@06%#ry, , .{P lotted im .Graph..13.* 18)
M;ominal 
Stres#  
lb/in'^ ,
' Fï’aetîoB al Eeslefeaso® S.tangs .'..
^  X 18*
, .Eteeen t  id  e I ty
Saag® 
He.*? ,
S-aage
ÎÎÔ..8
Saag®
10..9.
Ssïïge
io.a.0 % C ia  , . ) S’ i'lni
18.0 G:*40 6.19 0 .6 6 0.66 0.29
17G 0*8é «,.66 0.31 . 0.76: 0.02 0.26
1.57 6 .9 2 0.BS 1.10 0.03 0.25
296 1.69 1.20 0.06 1.26 0.08 0,24
'48?
.S e n s it iv ity . ç f . Gaug^ es . . '  ^ .
Frém. Graph 15.10 of the ^ e lcc tr lo a l stra in  against 
tW  mGGhanlG&l measurement."*®*
V
. -Strain S en sit iv ity  Factor % wJacw. =' B'*0B.
#: - '
::«. A p r e v io u s  c a l l - b r a t im  o f  t h i s  t y p e / o f  gauge on a
s t e e l  tension specimen gave feot.or -a- 8^ :19 (8e@ Para*
11,5}
( o . ) Young*8- Modulus 
From Graph .:15.,8 o f  a v era g e  8tr o & a -s tr a in = 
B y m ec h a n ica l oxtens-om eter :«
: I a i t la l  Modttlas, E -  5iS5 x lO ^ib/ia®
By e le c tr ic a l  gauges :«
. I n i t i a l  .Modulus B ,@.o.55 x
s: 8\P.0.B. o r  u s in g  an ind.çpondent c a H W a tlo n  fa c to r *  
æ 2*1#
I n i t i a l  M odulus B. = 5:,6.8 )(. 1 0 % b /in ^
A m senâls 33EI
tG ® K pSI€« ÏSSÎ î îd . l  ' '
B é t a i l s  ' -
Date: *- * ,/ *, .. .  *. 23 fd . A p r il*  1 948
&peélmen ,  *: .  * .* P la in  OoDcret®. 10 I n ,  x 5 i n ,
dla*. c y lin d e r .» Ag@ 18  m onth s.
Gauges <5> » ,'.«■. @\ » 65. .®‘ h e .T ,G .*  Tÿp# 8Ey%y#*. 2100 ohms
nomlnalo:
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Specim en - «
. -»74«=
BEAM TE8T m ^ 4
' o .e e
» { e - e  ® ■ «
8 th  D@G@mb@r^  1948
Pl& in C onorete s e o t lo n  5*' w id e  
X 5 deep  * Age 155 d a y s .
(CurM 70 days lu  w a t e r 85 days
ï'ITÏ'N?’ Î
Gauges * 
Glue
110
T e s t in g  M achine, o *
B .T .P * ty p e  8 E /A /2 7 (8 0 0  ohm
E lg h  S o lld  8 D urof1% ( I *0 *I * g lu e  
No *5462) T ested  a t  69 d ays *
Bué3rbon 10 Ton s i n g l e  l e v e r  m&eWn 
w ith  worm and w h eel lo a d in g *  
P rovin g  r in g  f i t t e d  to  m easure thi
B le o t r lo a l
M easurements
A b str a c t  o f  R eadings
Multi«"Gbannel s t r a in  gauge s e t o  
M arconi G alvanom eter *
Gauge e u r r e n t 20 mllliai%g)8 *
P lo t te d  on Graph 15*5)
menta
' ISO 
1110 
2070  
2799  
5624  
4295  
4775  
120
120
1CS2
2255
F ra etlo n a l K esistanse Oliange
w.r'W+Aj.iRt&iaRperpg;
3771
4648
1775
■ 120
o
+0*55 
+0*57 
+0*87 
+1 #04 
+1*55 
+1 *25 
=0*15
+0 @54 
+0*67  
+0*98  
+1 #11 
+1*55 
+1 @56 
=0 ®.12
Gauge 
No #8
0 0 I 0
+0*28 1 +0*11 : =0 *16
+0*45 1 =0#08 1 =0#56 ,
+0#58 1 =O#l0 1 =0 *48
+0 # 68 1 -=0*15 1 =0 aU8
+0$89 1 O 1 =0*58
+0*68 { =0*15 I =0*71
+0*16 *0»17 =0*05
r+«H ,y
©
=0 #12 
=O#05 
**0 #06
0
=0#20  
+0 #08 
0
©
#5"" 
® 94
App e n d lx  XXXTII
- 7 5 -  ■
BEAM m ss  S o ,5:
© ■& @ » o o
D e t a i l s  
D ate
Speelm en *. # #. #. # #, 
Gauge G u rreû t. , * # 
G alvsm cm eter # # # * 
D e f le c t io n s ®  .®  - ®. &
25th  F eb ru ary  1949
P la in  C on crete  . Age 255 d ays
18 m lllla m p s .
Cambridge Instrum ent#.
Arne8 D ia l  Gauge l/lO/COO Ineh#
As p er  T est, No 8.4Rem aining Data * # *
A bstract of Readings (8ee ne%t Da^e)
C alcu la tlon G
The I n i t i a l  s tr a in - r a te s  per 5^000 lb#lzi* b en d in g  moment 
a r e  g iv en  beloi?
Gauge No# S 7 Ei 9 • 10 13 15 16
B le o t r io a l  
S tr a in  Rate
^/SO O O lb.tn
' X 1 #  ......
"0@56 = 0 .29 0.07(5) 0 .2 7 0 .8 7 = 1 .1 5 = 0 .2 8 0 .4 5
O b serv a tio n 8
R e le a se  of  l oad and In orea s e o f  d e f le e t lo n #
B ending
Moment
( r b . t o , )
- Load 
( lb )
E a lease ' 
o f  load  
( lb )
D e f le o t lo n  
X lO^ln#
lu G rease  o f  
D e f le c t io n
% lo '^ in .
4170 1390 - .  0 1 9 7 .7 ()
- 4710 ■- 1570 9 2 1 4 .1 ().:&
' 5256 1762 28 2 3 0 .5 0 .7
6880 194© 5 8 2 4 6 .8 ]L.;5
' ,6396 2132 .45 2 6 5 .5 2 .0
6966 2328 52 2 8 6 .1 4 .8
A ppendix XXXVII (Gont . )
Abstract of Eeadlnga
® %
i «rl
W * C3 OrH I O fe
oD H x
BEAM TEST
1 5 .6c c e a
O  # B O G )  8 00 8 @ ! 0  0 ( 0  03  8 8 
02 BO
BO CO (0  03 BO O  o  to  to  IQ sjt
H  H  03 to  U) to  (O (O I> CO G) O  H.9- ® a  Q ® 9  ® 0  a @ @ . ® 8 ■■ a
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M H H H 00 to BQ to 02OOHH0303BÔ03O H& ® e 9 : 0 ® "a : a @ @9 . 0
O O O O 0 O O O O O Q  H+ + 8 S -9 ■§ ■§ 9' B 8 + . *i»
;a
H  ; 6 0 0 )1
O  I 13 » | @ * c; ox 
I '
i X D t O W H O t O ^ - B O O O C O  O
H  BO 0  0 3  "(#^(0 0  BO C O O  CO
© 3  » @ a # @ 0 a @ é  0 5  #'
O  O  O  O  H  H  H  H  0 3  0 3  0 2  tO
'  " S 8 8 -8. 8 8 * a 8 8 » 0
Z> sw  O  O  (D  CD 0 3  (O  ®  (O
H I  H t O L O O O D O H B O t O B - C D C A ^ i O ZO  ® ® 9 ® 3  ® ' ® .® ® .  a a 0  ©
0  0 | O 000  O H H H H H H H *P H
+  4* +  +  "r 4’ + . '+  4* 4" +  +  ©  5
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App@nd.lz XXXVIII 
D e t a i l s
DaXj© Ô * ® a, e © is e
Specim en # .  . # # .
Gauges #  ,  .  ,  .  .  ,
G'lU© e . ® S' ; ® s  ® « ®
T e s t in g  M achine. , 
E l e c t r i c a l
TORSION TEST No *1
M easurements 
A b str a c t  o f  Rea
8 th  January 1949
P la in  C on crete  Specim en 7^" d ia  
Age 6 w eeks#
C uring ;= 5 days damp y IB days  
w atery  B6 d ays a i r .
B.T.Co Type SE/A/^7 (BOO ohms
n om in al)
H igh S o l id s  D u r o flz  ( 1 . 0 .1 *  Glue 
NOo546B). T ested  a t  22 days*
Combined B ending and T orsion  M achine
M ulti=C haim el S tr a in  Gauge Setg^ 
Cambridge Galvanom eter*
Gauge c u r r e n t 27 m ill ia m p s .
P lo t te d  on Graph 17*2)
Torque 
lb *  in
1412
4840
5660
7070
8480
9900
11526
12730
14130
1413
F r a c t io n a l  R e s is ta n c e  Change
Gauge rc
%o.4
',.3
U3'
0
+0*03 
+0*25 
+0*31 
+0*45  
+0*63 
+0*62 
+0 *66 
+0*75 
+ 0 .76  
+0*87 
+0 @41
=0 .1 2  
=0 *12 
=0*16 
=0 *51 
=0*37 
=0*51 
=0 @31 
=0*57 
=0 *47 
=0654 
+0*13
Gauge 
N o .5
o
0
+0*13 
+0*13 
+0 *25 
+0*27  
+0 *46 
+0*57  
+0*63 
+0*80  
+0*88  
+0*27
(ont
lb  a In
4240
5660
8480
9900
11320
12750
E le o t r l e a l  Shear S tr a in
w  X 10^
Gauges 
( 2 ) + ( '
()
0*18
0*33
0*5 8
0 .7 6
0 .9 0
o ;8 9
loOB
1*29
1 .3 4
1*57
Gauges
(4) •!■ (5)
.-W«SA*:wa%B g
()
0.12 
0 .2 5  
Oï,29 
0 .5 6  
0 .6 4  
0 .7 7  
0*88  
1.00 
1 .2 7  
1 .4 2
Obs e r v a t lo n s
(a )  From th e  Graph 1 7 .2 )  f o r  to rq u e  range 0  = 14000 I b . l
3 , ■mean e l e e t r l e a l  s t r a i n s >r 1 0 .0 0 0  l b . I n .  to rq u e  werx
F r a c t lb n a l  R e s ls ta n o e  Change ^  x  10'
' '  ^ ' ' . ' (&.
. , _ p e r  10^000 I b .in ^  i^ q u e ^
Gauge ,GaugséGauge
+0*670*580 .4 2 + 0 .o 5
gAMl-gagg^ =--.3R-^ -'«jSa^ a7SCBnrawftTKCBaa(eg;ittz;i
.79.
A ppend ix  7JŒXK
TORSI® TEST S o .g
D e t a i l s
caoaifi-zn
Dâ iî©' 0 <3, .©  (g 0
Gauge C urrent 
D e f le o t lo n s #  . . # «
22nd January^ 1949  
25 m illla s ip a  #
Rem aining Data . . ,
^ 3 t r a c t  o f  Readings (P lo t te d  on Graph 1 7 .3
Two p lu n g er  ty p e  d i a l  g a u g e s ,  
l/lOgOOO i n . ,  r e a d in g  a t  4*45 I n .  
r a d iu s  over  a 20*7 in #  gauge  
len g th #
As p er  T orsion  T e st  N o .l
isÆtteKara .rag ta c^ ,-»aa;*s»aaa-y,caw^ C‘i;Tyirj.rtrx«ra
Bottom
D e i le c t io n I D e f le o t io n
X 10^ In 10"" in
18*1
24*1
10*5 
15 *060*5
P r a c t io n a l  R e s is ta n c e  GhanW
dq ,
Gauge I Gauge I Gauge | Gauge
N o .2 I N o«3 N o@4
0
+0*25  
+0 *25 
=0*29 I +0*40 
4 0 .5 5  I + 0 .4 4  
+0*65
= 0 ,1 5  
= 0 .0 8  I +
= 0 .5 8  I +(
=0 *58 
= 0 ,4 7
= 0 ,4 6  ( +0*T3r3; 
42 I +0*75 I = 0 .4 7  
0 .4 6  I +0*75 I =0*52 | + 0 . 
0#50 ; +0*87 ^ 0 .5 5  + 0 ,o ,
.2 5  I + 0 ,0 7  I + 0 ,0 8  I
O b serv a tio n s
tssgîïa gff.uîjfjftrfc cgi*^ '.»
Prom graphs f o r  m ech an ica l ^ u g e s  (Graph 17.' 
Mean D e f le c t io n  n e r  lOgOOO I b . i n ,  to rq u e  : =
Opper Gauge 
Dower Gauge
D if fe r e n c e
2 7 ,5 “% a
14
BSlCK=SlSJIsa2»TS3.*ja=r»»i
=30=
A pnendlz XXX3% (Oeht' 
b )
:iat3ÿ5;:ttag:agv'g»o> î^*qs»*<«t.'5sà«A.1>.e^3g»a»»*tCT«%Aia.sap.«3S.'t»ff«t5ar«èftï.c:te iMtasaopi3àaAwtfc«a»«iq:tisaîai-afe>.4tf»téo
B le e tr ie a l  Shoaj? S tra in
■SS.
T X 3.0
£ussffîe*xeBÀ«*e«'i«**»*.«a, i,actorfRf^-,frijCai<»Mtaa»>.wwcy«dÿaMay ..-i;<c<Mn<»TWuatgr» 8rgg#ao»^fcWka.'.''jaMsrfc:
Gauges 
2 )  + (5 )
Gauges 
' + (5 )
1412 ,,...■ 0 ' 0
2825 - '0 ,1 4 1 G «15:
4267 0657 0 . 2 0
5650 0 ,5 0 1  ^ 0«5S
7070 0*69 i 6e®5
848Ô 0 ,7 7 ! 0 . 8 7
9900 1 .0 9 1 0 . 2 0
11610 1 .1 5 i 1 . 0 2
1S7B0 1 .1 9 1 1 .1 1
14160 1 .3 7 i X«15
1412 , CS> . ■ \ J
From Graph 17 o5 f o r  to rq u e  range 0 = 14^000 l b  « In .
Mean e l e o t r l o a l  atralnS: ^  p@r 1 0 ,0 0 0  l b *1%, to rq u e  w ere :
P r a o t lo n a l  R e s is ta n c e  Change
1 0 .0 0 0  lb « In  torq u e
p«criasoas«a*^^;ii»JS»jaszn!kiJASa»»S3^^
I Gauge 
No @4
l-g .^aM^ T-t^ aj«any»r>tfmrrjMaÆr»iMa»Mq-ainaj»>«ggK$agVM.ciStA^ t^ncuB^Lkvrtttmaaagtg«a»*8;
Gauge 
No *5
,65
4>vr<y;^,tTJ?V»r«.«Vt'.',.j3k'<dlrfy;tfWgsa«EOrL‘lSa-.«
8 1'  < » o X c »
TORSI® TESTS l 'Io s . 3 ,  4 .  s M  5
isa3»à3S!&à*»ïààcsaj^^
D etai l s
D ate , # 
Speclmen
D e f le o t ie n a «■ «' « o , c
29 th  January ^  1949
Specim en as p ç r  T orsion
T e st No@l
Two p lu n g er  ty p e  d i a l  gauges  
l / l 0 ) 0 0 0  in c h  r e a d in g  a t  4 ,4 5  in c h  
r a d iu s  o v er  9 0 ,7  in c h  gauge le n g th
(P lo t t e d  on Graph 1 7 ,4 )
T e st  N o .6 T e st  N o.S
Torque 
in D e f le c t io n D e f le c t io n-4X 10 "in
D e f le c t io n  
% lO ^ in
Bottom
< 10 "in
Top ) Bottom Top : Bottom
850 
2860  
4250  
5670  
7090  
8500  
9910  
11320  
12760  
14160  
850
1 6 ,6
2 3 .2 19 6 8
10.1
2 9 .0
10*5
O bservationB
Mean D e f le c t io n  p er  lOgOOO lh # in  
jGfj. wauge I jLGwer.ëauge I lE ^ e r e n o e
l O ' ^ i n .  I X  1 0 - i n #  I x  1 0 - " I n
T e st No
30&
c=>S2.‘=»
1%
CA]LanmT3:0E8 031 TORSIon TE8T8 
(a )  MeQhanlGalMea8%rem0nt8 - !
The me&n d e f le e t lo D s  over  a 20*7 In ch  gauge le n g th  
e t  4 @45 IncheB red lu a  p e r  10^000 lb * lii*  to rq u e  w ere found  
Ibo Tbe
ITslng the e la s t l e  fomamla 
Shear Modulus G T 1 rOSMA
J 3T
where T = tprqn e a  lo^ ooo  lb * ln *
1 % gauge le n g th  s: 20*7 in *
r  = d e f l e e t io n  r a d iu e  ^ 4*45 in *
J  @2 P o ia r  2nd Moment o f  Area ^ 311 In'
. y  K d e f le o t lo n  over  gauge le n g t h .
y « 1 4  X 10 In
Sh ear Modulua C 10*000 I b e in 80*7 in 4 * 4 5
311 In ^  X 14 X 10"% n*
2 . 1 1  X 1 0 ®lb/'to®
^83»
A ppendix 3CÜI (Cont . )
is leo  t r i ç a l  Measurement a
q9?Ssn^ta<sa3ffgaatC:gLCsrrC>ut«gtaa«a«AaftST»gmiasB*>T»roaçn»ccteg>^t»,tfvaga=t;»q.?-s»Mg>7-7:
« # »® .e e l e e t r l e a l  shsaa? s-fepsdnB '%&! a t  a s a r t i e a la p  r o sa tt®  
a re  o b ta in ed  by  add ing  n im e r lo a l ly  th e  r e a d in g s  o f  th e  45^ 
gauges (S ee  Appendix XI#3Z) v i z .  N o s , 2 and 3 ,  and 3 and 4 .  
T hese g iv e  :/»
T e st  No ^  X lO'^per 1 0 ,0 0 0  I b . ln  
Torque
isKssst.%iKwaas3K=e«o«
8
Caugea 
Nos *8 & S
i@oa
1*06
N'
tte g g a g atwaa.'igjgSan.-gagca: Eggi:gart^ igr.airt«at:«gs.pg3y «Wi:g»warwÿftz?a=aa«ci
.3 k  4
1 .0 5
1.85 J
% ln g  th e  e l a s t i c  form ula :
Shear Modulus C Tr
z y
where T «  to rq u e  «  1 0 ,0 0 0  l b . I n .
r  = ra d lu a  o f  s e c t io n  = 6$76 In*
J  «  P o la r  2nd Moment o f  Area . *= 311
S h sa r  liodHlHS C -  , 10,8(10 I b .m  x
ll:!
511 ia  « X ©.
A asim lng a S tr a in  S e n s i t i v i t y  F a c to r  o f  8*1
. 0 %
F or T e s t s  No @1 and 8  taikzlhg ^
^  2*1
Shear Modulus C «  8*41 x  lO ^ lb /ln ^
wcoacoafcBB^aiaasMftgag
« s  8 4 ® *
X L il
mNDINC TEST No *1
D etal ^
D ate *  ^ .
Specim en »'
Gauge C urrent 
Rem aining d a ta  « .  «,
. ® 0 , 0  ®. © 1 5 th  January 1949
Specim en
51 M illla m p s .
As p er  T orsion  T e st  N o*!
A& gtf& gt o f  ReadlngB ( P lo t t e d  on Graph 1 8 .1 ,
Moment
( I b . l n
F r a c t io n a l  R e s is ta n c e  Change ^
Gauge 
No o l
Gauge 
No *2
Gauge 
No *3
Gauge
No^4
1690
3150
4520
5940
280
«"0 #11
rà.O @28
*»0 *33
: <»0 ©4.8 
«0 @58
<=>0 ©48
0
=0*15
f=0 ©18
=0 *23 
=0*35  
=0*15 
+ 0 ,5 3
=0 *04 
= 0o l5  
=0 *20 
=0 010 
AO *15 
«0*25
0
+0*15 
tObSO 
to  $25 
tO ,26  
tOi,32
t0 o 2 0
Ssù'es'AXMnaagi^ r ja s .
Note*. Gauge No.S^ W^
O b serv a tio n s
Prom Graph 18*1 f o r  b en d in g  moments 6  I b . ln
Mean E l e c t r i c a l  S tr a in s  
moment were :=
p e r  1 0 ,0 0 0  l%@lh b en d in g
P r e c t lo n a l  Res I s  ta n c e  Change &  % 10^ p e r  10 ,^^(4Bending: Moment
G or#r0ssion T en sion
etsutiSïCKsaa
Gauge No $ 2 1 Gauge No *31 Gauge No a4 l(^ u ge  No &7
- ...... ...N o .
D e t a i l s  
D ate
Gauge C u rren t, . . . 
D e f le c t io n s
Hemalnlng Data
29na Janu arya 194& 
25 M lllla m p s .
Two p lu n g er  typ e  1 /1 0 * 0 0 0  In ch  
& la l gauges 20*? in o  a p a r t .
As p er  T orsion  T e st  N o* l
A b str a c t  o i R eadings (P lo t t e d  on Graphs 18*1 and 18»S  
E l e c t r i c a l  Bleadlngg
B ending  
Moment 
( l b . i n )
F r a c t io n a l  R e s is ta n c e  
Cb&nge X
Gauge N o .l  I  Gauge N'
0*14
* 0 .5 4
0 .0 6
0 .2 2 /s oo  V »"ay5W ® 'Wi'S
“='0 .5 0
o»e?
0 .5 ?
0$&&
bO.?5
0 .1 4
7070
280
N o te : Gauges Nos 6 and 7 f a i l e d  t o  r e c o r d .
« 3  0 0  « 5
A ppendix X D il i  (G ent)
' ^ p m c  TE8T'No\2 (Goat: 
M eehanlGal R eadings
ho-cGom
Moment 
( lb
DejLleetlmi
1410
282
598
n
%83
O b serv a tio n s
(a )  Prom Graph. 1 8 .1  f o r  b en d in g  moments 0 
Mean E l e o t r lc a l  S tr a in  ^  n e r  10@000 ! 
bendlJig moment &= <»1#05 % -lO '^
, ess . Ÿ  '
IDain
AbeZn,
b ) Prom Graph 18 @3 f o r  b en d in g  moment 0 * 7000 lb  .In  
Mean D o f le o t lo n a  on to p  and bottom  d i a l  gauges p #  
10*000 l b . i n .  ben d in g  moment w ere ;*
rsÆ ,
Top Gaut»' .0
Bottom  Gauge = 20 % 1(
Ratio bIIIôs -  5.2(
A ppendix XLIV
D e t a i l s
,87*
BENDING TE8T8 N o s . 3  a n d  4
D ate * , * * * 29 th  January 1949
Specimen . . * ; » . . Speolmen * as per To%*8i@n
T e s t  Nool^ .
D e f le c t io n s  . . # . . Two p lu n g e r 'ty p e  d i a l  gauges
l / l 0 , 0 0 0  in^ * 2 0 .7  In ch es  a p a r t .
A b str a c t  o f  R eadings (P lo t te d  on Graph 1 8 .3 )  :
-1*———— ^  f e s t  n o .4
Beading Top Bottom Top Bottom
Hoaeat D e f le c t io n D e f le c t io n D e f le c t io n D e f le c t io n
(lb.In) X 10 " in . X lO ^ ln . X lO'^in. X lO ^in .
0 0 0 0 0
650 1 .6 0 ' 1 .1 0
1300 12*1 0*4 9*6  ^ 1*8
1950 18*9 1*6 18*9 8*4
2600 2 7 .2 5aO 8 7 .1 4*0
0850 5 4 .6 5*9 . 55*1 5*6
3900 48*5. 8*0 4 5 .5  . 7 .4
4550 55*6 9*1 60*5 . 8*5
5200 ■ \ 6 5 .2 1 1 .5 60*6 10*0
5860 78*5 14*6 7 0 .0 18*8
6500 81*2 16*6 7 9 ,7  , ' 15*8
7150 92*9 20*6 96o8 81*9 ^
0 9 ,8 6*6 5*5 / . 8*8
O b ser v a tio n s
From Graph 18 $3* th e  a v era g e  r e a d in g s  were
T e st  N o,
; Me&n D e f le c t io n  p e r  1 0 g000 l b . i n .
Top Gauge 
x-lO'&iii
Bottom  Gauge
X 10'^ln
E atlo  T/B
3- ; 144 . - - 0 3 4o50
4 156 i%5 5.87
-8 8 =
ï l x  XLV
 TE8T No *5
D é t a i l s
T h is T e st  fom içd  th e  f i r s t  p a r t  o f  th e  combined b en d in g  
and torBl<m t e s t  ^  f u l l  p a r t ic u la r s  o f  w h ich  a r e  g iv en  in  
App8ndi% :XI#II.
O b serva tion s
(a )  From Graph 1 8 * 2 a f o r  b en d in g  moment^ 0  m 7000  I b . l n .p
Mean B l e o t r i c a l  S tr a in s  ^  p e r  10^000 I b .ln *  b en d in g
Q.
moment w ere :=
; F r a c t io n a l  R e s is ta n c e  Change ^  x  10^000 l b * ln .  B.M.
%
 ^ Gauge I Gauge | Gauge I Gauge i Gauge i Gauge | Gai 
" N o .3 j ,N a * 8  .N o * ' ' '  '
fcgaa>n==-<gsaj»U^ ;y e-<jatCTsja a ^ ^
I
'0*95 : +0a51 I
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N ote  Gauge N o . l  f a i l e d  to  record
Tenszcm
No «6 BO.
+0.9E
b )  From Graph 1 8 * 3 , f o r  b en d in g  moment 0 -  7000  l b . i n . .
Mean D e f le c t io n s  nor 10^000 lb  . in *  b en d in g  moment w ere
=6 '
Top Gauge = 132 x 10 I n .
- ■ - A
Bottom  Gauge = 23 X 10™*ln.
= 5.74
A ppendix XLOT ' ; * 8 9 -
G & im u .’S i m s  m  bîîs b m b ih s i'e s ts
(a )-  Meobaai o a l  M^ajaurementa .
"M
jeiG . l e . i
O m -sM erin^  a-.uniform  se o tlcm  su b je e te d  t o  a  u n iform  bon d in g  
momentf tb o a  I t  b@ abowu th a t . .the. B ending M odulus o f  th e  
S e c t io n  i s  g iv en  by
m '(■£ + BO .7")^ E!gn*10ol
t&xat5^a5u«aw5ifl5Œ»isA3tc;;syï55s#
W' .' 'and E « q,* , Eqn@18.e9 .
■ A Jb
■ ■  ^ ■ -  ; ■ -, _ ■ ■
g lv îa g  _ i t  s  { :1 + i £ f ‘^
r,n
From th e  variou s, t e s t a  th e  r a t i o s  o f  ^  .per- 10^000 lb » ln
b en d in g  moment were :<»
->W*T»CK<WT' «I ‘ III l|tl>if i'.i-tfgI*WBCTC5Satg»
T eat 
No .3
5*744650
F o r  T e s t  N o ,5 ,  u s in g  th e  above form u lae
. . - |  .« 14.8" ■
, . E -  3,08 Ib/m ^
N ote  ; T h O 'c a lc u la t im  o f  th e  B end ing Modulus i s  d ep en d en t % 
on th e  a b s o lu te  v a lu e  o f th e  d e f le c t io n *  The 
v a r ia t io n s  o b ta in ed  a r e  due t o  e r r o r s  In  th e  a b s o lu te  
v a lu e s*
EO0O®»
(Omit
{ 'D  ) E leeta lea l ■Keastiroments
i I t  la  ahown In Appendix th a t Ê, ( 1  =,#-)
' ' ' - '45 2
wherO: 0  =  s tr a in  a t  45° to  th e  d ir e c t  s tr a in  *e*4o .
gr a  P o isson *"8 E&tlO
From the average e l e c t r ic a l  s tr a in  readings ^  o f : Test No@5 
fo r  lOgOGO Ib e ln , bending moment :=
' c-"4-Compression R osette :« e .  æ 0 ,49  x lOT^
- '  '  . . 4S ' : 4  /: 0 = 0,95 X 10
PoiSs(m/^8 R atio in  compression = 0 e l9
Tension R osette := «=' 0*51 x 10"^
0 B 0.97 X 10"^
P olsson^s Ratio In ten sion  ^ 0*55
(9) Assuming th a t plane se c t io n s  remain plane^ u sin g  the  
sim ple Theory of Bending : « -
bending S tress  f  ^ ^  ,Mr
For lOfOOO Ife .ln , bending moment, and specîman 7 i  l a .  a la
f « ■ 241 lb/la®
3  0  XT aking a mean bend ing  s t r a in  = ;::i—
. ^  ' 8 ,8 .F .
and a S tr a in  S e n s i t i v i t y  F a c to r  ( 8 * 8 ,? , )  B , i
Then B ending M odalas 'E* «  2 # S #  «  ê à L l- J j J :  i £ »
"  '    svz’blû I  X 1 0 - &  in'-
B  5 . 0 6  I b / t o . ®
A ppendix XDVII
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D é t a i l s
D ate  
Speoimen * * *
Gauge C urrent * 
Rem aining Data
9 9 th  January 1949
$ bp@ctùnen 
Age 64 di
*G^  (Bee T orsion  T e s t  N o . l )
19 M llliam p s
As T o rsio n  T e st  
(A p ^ n d ix  XXXVIII)
XSZB=SiZB5CTii=55:«>erS!tit2Ck$32ia:tC<:)&î22T32e
Bee over  p a g e .
In gs (P lo t t e d  on Graph 19»2]
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GALCnLATimS ON TEE GŒIBINED AND TORSION TEST
(1 )  S h ea r in g  A c tio n s
*J?gA3ig>agrftgM<ytt»\ta30lJWpy.V:afe8» c « tja g » à ^
The e l e c t r l e a l  sh ea r  s t r a in s  a r e  b h ta ln e d  b y  ta k in g
%
th e  a lg e b r a ic  d i f f é r e n c e  betw een th e  r ea d in g s  o f  th e  45° 
gauges o f  a p a ir .  T h ese g iv e  :=
Mote
cesagstoci^gaaaa.
Torqtie 
(lb , to)'
2834  
4251 
5068 
. 7085 
8502 
9919 
11336 
18753 
14-170 
16503 
16437  
17570 
18704  
19837 
20971 
82104 
22954 
25804
El® cti>leal Shear S train  
X 10'd â - ,  A*
Gauges 
(8 )  + (5 )
0 .0 8  
0 .3 0
0 s5'4
0.46 
0 . 6 6  
0.73 
0.90  
loGS 
1.22 
1.36 
1 .44  
1.59 
1 ,6 8  
1,82 
1.94  
2,04  
2 .21  
-8.29
Ganges 
4 ) + (5 )
0 .3 1
0 .8 9
1 .9 0
2 .2 8
From Graph 1 9 * 3  ^ th e  av era g e  e l e c t r i c a l  sh e a r  
s t r a in  p e r  1 0 ,0 0 0  I b . i n .  torq u e i s  1*05 x 10'
U sin g  th e  e l a s t i c  f p h m la  (S ee  Appendix XLI)
Shear Mod-alus «C* = 2.41 x lO^lb/in^
(1 1 )  Ben d in g  A c tio n s
As shovm In  Appendix XLVI- th e  B ending Modulus 
o b ta in ed  in  t h i s  t e s t  was 5*06 x lO ^ lb /in ^
j4.
>0ncil% XLVI I I  (C onte)
GALO%nA.TION8 ON TEE G(MBINED BENDTEG AND TORSION TEST
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PROM OHE W m m G  OP A STRAIM ŒimE R08ETTIS
I t  nmy be shomi t h a t  f o r  an e lem en t o f  m a te r ia l  nnder  
any tw o ^ lm e n a lm à l  s t r e s s  system ^ th e  s t r a in  In  a d lr e o t lo n  
a t  any a n g le  8  t o  % )erpen(ilonlar r e fe r e n c e  a%es *%' and y  I s  
g iv e n  b y  :=
e. 008 -y s ln ^ 0  + § s in 2 6
m Eqn. 19@3
vfhere o^ and th e  s t r a in s  In  th e  d i r e c t io n s  *%' and y^,« ?
and e _  I s  th e  sh ea r  s t r a in  
B ending S tr a in  a t  45*
'45
where e.
2 2 2  
e  = a x i a l  s t r a i n .
.*  P q n .l9 * 2
F or a 0 * , 45* and 1569 r o s e t t e .
bh ear S tr a in  e $,G #qn», L9.5
The maxlmnm and mlnlBmm v a lu e s  o f  e q u a tio n  19*1 are  o b ta in ed  
when
Eon G1 9 .4
and a r e  g iv en  by : :
P r in c ip a l  S tr a in s
®max:
®mln
®3S ■*■ ®2 .+ 1
2 G G E q n .l9 * 5
A p p e n d ix  I ,
R ef .Mq., Author
C390<î2>
BIBIiIOGRAPEYeaassiisecs3ixra*£âai4HRtitot£Ssa»iss3;Xâ$5.3^ K3sai
aBscstsuttssasssacssiSKaa
CD iüîœ sSM  j; Eaul
, ikt AHOÎHMÛHS.
is )  AïïfHÏIEj F ,
4) BAGS, 0 .
:5) BAGS, e
(6 )  BAIJWm, WI8EHAB
and GRIFFI'JH .
'?) : BASGBISCER,
BSEHÏ, S,G. and 
SDMBSCIi, A«T-.
C9) BimS H.D , aj 
E.S
ati©
csbS£Atutra2«.rciSS4tf .
^^Experiments w ith  G oner e t e  l a  T oroloa '' « 
Trane 0 Am.SoG @ Glvll Eng^
VololGO, p p .9 4 9  t o  9 8 5 ^ 1 9 3 6 )
^An A c o u s t ic  P ro c ess  f o r  th e  
- exam in ation  o f  8  t r e e  s .
E n g in e e r , 1 0 th  A ug, (1954 )
^ ^ E lectr lca l R e s is ta n c e  W ire S tr a in  
Gauges w ith  p a r tlo u i& r  r e fe r e n c e  t o  
p o s s ib l e  e r r o r s  In  t h e i r  u se  f o r  
S t a t i c  and Dynamic M easurem ents^ .
I n s t ,  o f  M arine Engc
V o l,. D V III , # 0 , 2 /  m r c h (1 9 4 6 )
^ B la a t ia lt ë t .  und P O B tlgk elt^
V c d ,  B e r l in ,  p.GY (1 905 )
^M ltt . ;@ ber'ForsGhtm-gsarbeiten'^,'
p p .6 9 ,. 45 w 47i (1 9 0 7 )
^ P h y s ic a l P r o p e r t ie s  o f  B u ild in g  
M a t e r ia ls " /
Preo *' I n s t i ,  C i v i l  Eng.; :/
V o l ,  OmXIX, Paper 5 8 5 6 , n .2 9 0  
. :Feb . (1910 / )  '  ^ .
^'Weber den E l a s t l o i t à t s '^Modul B a u s t le n  ' 
M itt  , aùs dem M ech-Tech. ILah. 
m W h en  - ::
(See. Dhwln^s : T e s t in g  o f  M a t e r ia l s . )
" T ests  on^  R e in fo rced  G én çrete  Beams 
under -Repeat-^ .Loading @ "
G oncrete~ and :C o n s t r u e t l  o n a l E ng.
S e p t ,  (19.10) . . ' :
"The u 8 .@%of. E l e c t r i c a l  .R e s is ta n c e  . 
S tr a in  Gauges and th e  e f f e c t  o f  
. a g g r e g a te  s lB e  on .gauge le n g th  In  
c o n n e c tio n  w ith  th e  T e s t in g  o f. 
C o n crete" .
M ag. o f  C oncrete . R esea rch , # o . . l .  
pp.. .5 5 = .5 9 ^ .J a n .(1 9 # ) .
■ «97=. 
i t . )
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Ref ,Ho Author
(10) BRAîîDSZAEG, A.
BRITISH ASSCGÏATXGH
0 .2 }
(13)
15:
( 19)
BUïJSDîS RESEARCH 
ST&TimV
GAîàER^ B ,S , 
smiMCMg . ahP . aaâ
îHAWj J.R*
) COpiRj, E,@.
G0IÎSIDT5KE, A ,
16) COîîSXDÈKE, ,A
17); DAIBSl's H
DAVIES. V.G.
DAVIS, K»E. and 
THCOCELL. a .Be
T it le
<fisrr>6aa»3 a ac ^ssa -
'^ a l lu r e  o f  a  M a te r ia l oomposed o f  
D on=l8otroplG  e lem en ts" *
D e t . E g l .  R orske V ldenskabero  
S e lsk a b s  S k r lf t e r *  (1 9 2 7 ).
"Report on Gombliied S t r e s s ,  1915^% 
See 9I3nglneerlng?, p * 5 7 0 ,
0 o t ,2 4 tb  (1 9 1 5 ) ,
R ep o rt, (1950 )
"Measurement o f  D isp la cem en t and. 
S tr a in  "by C ap acity  M ethods",
Proo* In s t*  MechgEnga
V o l. 1 5 2 , # 0 .2  p p .215=221 (1 9 4 5 ) .
"A la b o r a to r y  m achine f o r  a p p ly in g  
b en d in g  and t w is t in g  moments 
s im u lta n eo u sly " ,,
P h i lo s o p h ic a l  M agasin e , pa49G, 
A p r i l  (1 9 0 9 ) .  =
'^Influence o f  M e t a l l ic  R ein forcem ent  
on th e  P r o p e r t ie s  o f  M ortars and 
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COMPRESSION SPECIMEN ’ O’
The H am ilton Compressometer and s t r a i n  gauges  
are  shown in  p o s i t io n *
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A STRAIN GAUGE ROSETTE ON SPECIMEN 'G
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SPECIM 8# *G' IN  COMBINED BENDING AND TORSION MACHINE
P rov in g  Rings and a S tr a in  Gauge R o s e t t e  are shown.
P l a t e  U 9 . 1
-  (ÔO —
ryPICAL FRACTURE OTTDER COMBINED BENDING AND TORSION
P la t e  19*2
